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FOREWORD 


This  report  describes  work  accomplished  in  the  program,  "Mixed- 
Flow  Augmentor  &tabi  I  i  ty  Investigation",  conducted  under  USAF  Contract 
F3 36j_5 -70-C - 1 6ft9 ,  Project  3066,  Task  10b6Q5.  The  work  was  accomplished 
*TrTThe  period  from  30  June  1970  to  3  ^December  1971  by  Northern  Research 
and  Engineering  Corporation;  the  exper I  me n  t  aT“  pa  rt~6f  the  program  was 
conducted  in-house  by  the  Air  Force  Aero  Propulsion  Laboratory  under  the 
direction  of  Mr.  R,  E.  Henderson,  TBC.  The  report  was  submitted  on  31 
December  1971. 


The  program  was  sponsored  by  the  Air  Force  Aero  Propulsion  Labora¬ 
tory,  Wr i ght-Patterson  Air  Force  Base,  Ohio.  Lt.  Michael  G.  Johnson, 
TBC,  Turbine  Engine  Division,  was  the  Project  Engineer.  The  program  was 
initiated  with  FY  1970  Aero  Propulsion  Laboratory  Director's  Funds. 

Publication  of  this  report  does  not  constitute  Air  Force  approval 
of  the  report's  findings  or  conclusions.  It  is  published  only  for  the 
exchange  and  stimulation  of  ideas. 


Director,  Turbine  Engine  Division 
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ABSTRACT 


An  analytical  and  experimental  investigation  was  conducted  of  combus¬ 
tion  instability  in  a  TF-30-PI  augmentor.  A  sustained  oscillation  was 
observed  with  a  fuel  zone  combination  which  does  not  occur  during  normal 
engine  operation.  On  cold  days  oscillation  amplitudes  above  35  per  cent 
(peak-to-mean)  were  observed,  but  on  hot  days  the  amplitudes  dropped  below 
10  per  cent.  NREC's  previously  developed  combustion  instability  model 
correctly  predicted  an  instability  with  the  same  frequency  as  that  ob¬ 
served.  Once  the  individual  zones  of  combustion  of  the  TF-30-P1  augmentor 
were  modelled  properly,  the  analysis  correctly  indicated  the  fuel  zone  com¬ 
bination  during  which  the  oscillation  becomes  most  severe.  The  analytical 
model  also  correctly  predicted  the  trends  which  were  observed  when  engine 
geometry  was  modified,  when  AVGAS  replaced  JP-4,  and  when  the  engine  inlet 
temperature  was  low.  But  to  correlate  predicted  and  observed  amplitude 
levels,  a  stabilizing  turbulent  mixing  effect  had  to  be  hypothesized  to 
supplement  the  droplet  vaporization  effects  which  excite  the  instability. 
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CHAPTER  I 


INTRODUCTION 


BACKGROUND 

NREC,  under  contract  to  the  USAF  Aero  Propulsion  Laboratory,  first 
studied  combustion  instability  in  aircraft  engine  augmentors  as  part  of  a 
more  general  issue:  what  unsteady  flow  phenomena,  intrinsic  to  turbojet  and 
turbofan  components,  tend  to  initiate  engine  surges?  Combustion  instability 
appears  as  a  sustained  pressure  oscillation  in  augmentors;  physically  it  is 
an  acoustic  resonance  driven  by  a  small  fraction  of  energy  from  the  heat  re¬ 
lease  process.  Acoustically  treated  liners  have  conventionally  been  used  to 
suppress  such  oscillations  to  levels  below  those  causing  mechanical  damage 
to  the  tailpipe.  In  the  case  of  turbofans  the  oscillations  can  impinge  on 
the  fan,  thus  potentially  leading  to  a  fan/compressor  surge  margin  smaller 
than  that  of  the  fan/compressor  tested  without  the  augmentor.  NREC  approached 
the  problem  of  analytically  modelling  combustion  instability  with  several 
questi ons  in  mind : 

1.  What  factors  contribute  to  increasing  the  amplitude  of  the  sustained 
osci I lations? 

2.  Is  suppression  from  liners  sufficient  to  eliminate  the  need  for  in¬ 
tegrated  fan-augmentor  design? 

3.  Are  there  circumstances  in  which  combustion  instability  is  masked 
in  ground  testing,  only  to  emerge  in  some  extreme  flight  condition? 

The  goal  was  not  simply  to  develop  an  analytical  model  providing  in¬ 
sights  into  these  questions.  The  long-range  goal  was  the  more  ambitious 
one  of  an  analytical  tool  which  permits  more  effective  elimination  or  con¬ 
trol  of  augmentor  instability  as  a  mechan i sm  wh i ch  limits  the  flight  en¬ 
velope  of  aircraft  engines. 

The  approach  taken  to  modelling  combustion  instability  began  with  a 
thorough  review  of  the  analytical  and  experimental  research  in  liquid 
rocket  engine  instability  (Reference  1).  Based  on  this  review,  an  analyti¬ 
cal  model  was  formulated  which  satisfied  three  engineering  requirements: 

1.  The  model  was  mathematically  simple  enough  to  be  tractable,  but 
not  so  simple  as  to  preclude  development  toward  greater  detail. 

2.  The  model,  at  least  in  principle,  recognized  all  effects  thought 
to  be  pertinent  to  augmentor  instability;  but  all  parameters  were 
strictly  physically  interpretable. 

3.  The  model  formally  predicted  sustained  oscillation  amplitudes,  so 
that  the  practical  questions  of  residual  oscillation  amplitudes 
and  of  instabilities  requiring  large  initial  disturbances  could 
be  examined. 


The  model  was  formally  developed  in  the  first  year  of  NREC's  effort,  and 
a  computer  program  producing  numerical  results  was  written  in  the  second 
year  (References  2  and  3).  A  summary  of  the  model  is  given  in  Appendix 
VIII  below. 

A  parametric  study  of  two  conventional  turbojet  afterburners  was  the 
final  step  in  NREC's  initial  study  of  auqmentor  instability.  The  results 
of  the  study  (reported  in  References  2,  3,  and  4)  confirmed  the  qualitative 
validity  of  the  analytical  model  in  that  trends  predicted  were  consistent 
with  trends  observed.  The  parametric  study  had  the  further  benefit  of  in¬ 
dicating  which  among  the  model  parameters  tended  to  have  the  most  dramatic 
effects  on  the  predicted  oscillation  amplitudes.  The  chief  limitations  of 
this  parametric  study  stemmed  first  from  the  limited  instability  informa¬ 
tion  avai  lable  for  the  two  afterburners  and  second  from  the  somewhat  dated 
straight  turbojet  afterburner  designs.  In  particular,  no  data  were  avail¬ 
able  on  oscillation  amplitudes  in  either  afterburner,  not  to  mention  data 
on  the  trends  the  instability  displayed  with  des ign  variations  (other  than 
perforated  liners).  Equally  restrictive  was  the  failure  of  the  parametric 
study  to  consider  augmented  turbofan  configurations  which  are  typical  of 
current  aircraft  designs.  Given  these  shortcomings  of  the  scope  of  the 
original  parametric  study,  it  was  only  logical  to  recommend  a  joint  experi¬ 
mental  and  analytical  study  of  a  mixed-flow  augmentor  configuration  like 
that  of  the  TF-30,  the  only  augmented  turbofan  engine  currently  operational 
in  the  USAF.  The  spirit  in  which  this  study  was  undertaken  was  very  much 
a  continuation  of  that  of  the  original  parametric  study:  having  formulated 
a  model,  the  first  thing  to  do  before  making  it  more  complicated  is  to  es¬ 
tablish  its  essential  consistency  with  the  facts. 

Very  little  augmentor  combustion  instability  experience  has  found  its 
way  into  the  literature  since  acoustic  liners  were  discovered  to  be  an 
adequate  fix  against  mechanical  failures.  As  a  result,  the  original  para- 
me trie  evaluation  of  the  mode  1  wa s  neces sa r i I y  1 i m i ted  to  gross  qua 1 i ta t i ve 
trends.  The  current  analytical  study  of  the  TF-30  was  initially  suggested 
to  parallel  an  experimental  program  conducted  by  NASA-Lewis  on  the  TF-30- 
P3  engine.  Unfortunately  no  sustained  instabilities  were  successfully 
initiated  in  the  NASA  tests.  In  the  meantime  the  Aero  Propulsion  Laboratory 
initiated  tests  on  a  TF-30-P1 ,  the  original  engine  of  the  F - 1 1  1 A .  The  en¬ 
gine  tested  at  APL  did  exhibit  clear  instabilities  so  that  data  correlation 
with  analytical  predictions  became  possible. 


PROBLEM  STATEMENT 

NR  EC  s  comb us  tion  instability  analysis  is  in  two  steps:  an  acous  t i cs 
analysis  of  the  augmentor  duct  defines  three-dimensional  resonant  mode 
shapes  (Program  HLMHLT) ;  the  energy  supplied  to  and  extracted  from  these 
modes  by  the  heat  release  process,  by  the  through-flow,  and  by  screech 
liners  is  then  calculated  (Program  REF INE) .  The  sel  f-susta i n i ng  ampl i - 
tude  is  finally  determined  when  the  energy  supplied  to  and  extracted  from 
an  acoustic  mode  is  in  equilibrium.  The  distribution  of  the  resonant  acous¬ 
tic  wave  in  the  augmentor  duct  is  physically  altered  by  the  unsteady  heat 
release,  by  the  through-flow,  and  by  absorption  at  the  liners.  The  NREC 
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analysis  does  not  currently  take  into  consideration  the  fact  that  the  natu¬ 
ral  acoustic  mode  becomes  distorted.  The  analysis  instead  assumes  that 
the  purely  acoustic  mode  shape  is  an  acceptable  approximation  to  the  un¬ 
stable  mode  shape.  In  principle,  the  analysis  can  be  extended  to  allow 
tor  higher  order  approximations  of  the  unstable  mode  shape,  but  this 
added  complexity  has  yet  to  be  justified.  Other  simplifications  in  the 
analysis,  both  in  the  acoustics  and  in  the  instability  parts,  may  well 
merit  critical  attention. 


THE  ACOUSTICS  ANALYSIS 


The  acoustics  analysis  requires  a  rather  idealized  representation  of 
augmentor  ducts .  The  analysis  recognizes  only  purely  annular  and  cylindrical 
ducts.  The  duct  is  divided  into  two  chambers  by  a  flame-front.  In  each 
chamber  the  sonic  velocity  is  uniform,  but  a  step  change  in  sonic  velocity 
t  the  flame-front  is  accounted  for.  Thus  schematically  HLMHLT  can  recog¬ 
nize  only  the  following  model  of  an  augmentor: 


Boundary 
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ll“: the  speciai  case  in  ^  *•«  '•*<» 


A  turbofan  mixed-flow  augmentor 
HLMHLT  restrictions.  Using  the  same 
model  of  conventional  afterburners,  a 
involve  four  chambers--  four  regions 
distinctive  values: 


does  not  lend  itself  readily  to  the 
reasoning  which  led  to  a  two-chamber 
mixed-flow  augmentor  would  appear  to 
in  which  the  sonic  velocity  assumes 
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The  turbine  and  fan  discharge  streams  (Chambers  I  and  3  in  the  sketch)  have 
quite  disparate  sonic  velocities;  the  two  combustion  chambers  can  have 
marked  differences  when  the  augmentor  is  operating  with  most  of  the  fuel 
being  injected  into  the  fan  or  the  turbine  stream. 

The  first  basic  question  addressed  in  the  TF-30  augmentor  analysis 
concerns  the  proper  acoustics  analysis  of  mixed-flow  ducts.  Four  alterna¬ 
tives  suggest  themselves: 

I.  Model  the  mixed-flow  afterburner  as  a  conventional  cylindrical 
afterburner  with  an  unusual  upstream  boundary  located  at  the  tur¬ 
bine  di scharge: 
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The  sonic  velocities  assumed  in  Chambers  1  and  2  represent  averages 
of  the  core  and  fan  streams.  The  upstream  boundary  admittance 
represents  an  average  of  the  open  fan  duct  and  of  the  turbine  choked 
nozzles. 

2.  Model  the  mixed-flow  afterburner  as  a  conventional  ductburner  with 
an  unusual  inner  boundary: 


I  nner 
Boundary 


I* 


The  fan  stream  is  simply  isolated  from  the  core  stream  except  for 
the  boundary  admittance  ratio  representing  the  inner  boundary  of 
the  idealized  ductburner.  1 

3.  Treat  the  core  augmentor  as  a  cylindrical  afterburner  and  the  fan 
augmentor  as  an  annular  ductburner,  and  match  the  solutions  alonq 
the  common  interface  between  the  two  streams.  This  approach  is 
not  practical  with  the  current  Programs  HLMHLT  and  REFINE  since 
the  cost  of  a  single  solution  will  increase  by  about  a  factor  of 

b.  Write  a  new  acoustics  analysis  computer  program  which  is  capable 
or  treating  a  four-chamber  augmentor  duct. 

nnr^S,y\t!r  ,a-f  tWO  al  ternati  ves  represent  a  major  effort  and  hence  are 
not  warranted  until  results  from  the  current  analysis  indicate  a  need  for 
such  refinements.  The  first  basic  question  of  the  present  study  was  to  de- 

results^or^b^lTfl  °r  °f  ^  f'rSt  two  a  1  ternat i ves  provide  adequate 

results  for  mixed-flow  augmentors.  To  put  the  matter  differently,  the  issue 

is  the  best  way  to  use  HLMHLT,  as  presently  constituted,  to  analyze  mixed! 
flow  augmentor  acoustics.  '  mixea 


THE  COMBUSTION  ANALYSIS 

While  all  of  the  parameters  used  in  the  steady  and  unsteady  heat  rt- 
lease  analyses  are,  strictly  speaking,  physically  ident I Ha^f 'precfse 
numerica  values  for  some  of  the  parameters  remain  unclear.  In  the  earlier 
parametric  study  (cf.  Reference  3)  estimated  input  values  ior  these  mo rl 
elusive  parameters  were  used,  but  the  lack  of  data  on  the  I  ns  tab!  Ut  Us  in 

ldeanyew^ris  ne^  H  •  ""a  eValua-ion  °r  refinement  of  these  estimates. 

Ideally  what  is  needed  .  n  order  to  gam  a  clearer  understanding  of  the  in- 

^udesa0yeS  3  ^?mpanson  between  predicted  and  observed  oscillation  ampli- 
e  over  a  continuous  range  of  augmentor  operating  conditions  While 
such  a  comparison  between  analysis  and  experiment  is  unlikely  to  resolve  all 
questions  pertaining  to  the  combustion  model  input,  it  will  at  least  identify 

searcha""hus  th  PU‘  7^  require  the  “*  * 

tht  H  1  .*he  sac?nd  basic  question  in  the  study  of  the  TF-30  concerns 

metrff s  T^n'  (ha  release  parameters.  A  “era- 

etric  study  of  the  TF-30,  in  conjunction  with  a  test  program  makinq  cor- 

needed  I"9  T!  t0  ^  engIne’  shou,d  indicate  what  input  values  are 
needed  to  correlate  analytical  and  experimental  trends. 

A  review  of  NREC's  earlier  parametric  study  will  quickly  indicate 
model  parameters  for  which  no  clear-cut  rules  are  established  fr>r  rai  1  *• 
values  (see  Appendix  VIII).  The  most  important  of  these  are  indi  catec^be  low? 


I. 


r  .  the  mean  time  required  for  combustion,  is  known  to  depend  on 
chemical  kinetic,  turbulent  mixing,  and  fuel  droplet  evaporation 

asdoscn!at9innCeani-r;  01630  time  is  a,so  known  to  decrease 

as  oscillation  amplitudes  increase.  The  relative  contributions  of 
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the  various  mechanisms  and  their  individual  variation  with  oscil¬ 
lation  amplitude  is  not  so  clear.  Moreover,  f  is  a  scalar  quan¬ 
tity,  representing  an  "average"  combustion  time  across  the  normal 
flow  area.  In  the  case  of  a  mixed-flow  augmentor  the  combustion 
processes  in  the  fan  and  core  streams  can  be  sufficiently  distinct 
that  choosing  a  value  for  r  is  problematic. 

2.  Coefficients  (  C,  and  C6  )  which  relate  oscillations  in  the  time 
required  for  combustion  to  oscillations  in  pressure  and  velocity 
again  depend  on  chemical  kinetic,  turbulent  mixing,  and  fuel 
droplet  evaporation  and  burning  mechanisms.  The  comments  made 
above  on  r  are  equally  pertinent  here. 

3.  The  radial  variation  of  the  mean  energy  content  of  the  fluid  (  E  ) 
at  the  flameholder  plane  obviously  depends  on  the  fuel  injection 
system  and  on  the  flow  pattern  between  the  injectors  and  the  flame- 
holders.  The  unsteady  heat  release  distribution  is  sensitive  to 
variations  of  E  ,  but  without  test  data  it  remains  unclear  how  to 
define  E  ,  given  only  the  fuel  flow  rates  in  each  injector  spray 
ring. 

4.  Fluctuations  in  the  energy  content  of  the  fluid  at  the  flameholder 
plane  (F.)  are  caused  by  pressure  and  velocity  fluctuations  at  the 
injectors  and  in  the  region  between  the  injectors  and  the  flame- 
holders.  The  amount  of  fuel  which  is  vaporized  upon  injection  and 
the  fluctuations  in  the  radial  distribution  of  the  fuel-air  ratio 
are  difficult  to  define. 

5.  The  combustion  instability  analysis  treats  the  flameholder  assembly 
only  in  a  highly  idealized  fashion:  a  single  plane  is  identified 
as  the  flame-front,  downstream  of  which  the  heat  release  rate  de¬ 
cays  exponentially  along  the  length  of  the  augmentor.  Provision 

is  made  for  acoustic  energy  loss  across  the  f lameholders,  but  this 
option  was  ignored  in  the  earlier  parametric  studies.  Given  a  com¬ 
plicated  flameholder  assembly,  the  question  of  where  to  define  the 
flame-front  in  the  combustion  instability  analyses  remains  open  to 
debate. 

6.  The  parametric  study  of  the  two  conventional  afterburners  indicated 
some  potentially  dramatic  effects  of  the  acoustically  treated* 
liners.  In  one  afterburner  the  residual  oscillation  amplitude 
after  suppression  was  predicted  to  be  above  8  per  cent;  in  the 
other  afterburner  the  liner  tended  to  mask  one  unstable  mode 

by  increasing  the  threshold  level  needed  to  initiate  it  without 
reducing  the  resulting  sustained  amplitude.  While  these  results 
are  potentially  of  great  engineering  interest,  they  remain  con¬ 
jectural  pending  supportive  experimental  evidence.  Thus  the  sup¬ 
pression  effectiveness  of  the  liners  remains  a  topic  requiring 
further  attention. 

All  of  these  parameters  require  further  investigation  in  conjunction  with 
more  thorough  experimental  data. 
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THE  EFFECTS  OF  INLET  DISTORTION 


The  previous  parametric  study  of  two  conventional  afterburners  indi¬ 
cated  that  circumferential  variations  of  the  fuel  distribution  in  an  axi- 
symmetric  flow  field  had  minor  effects  on  the  self-sustaining  amplitudes 
of  unstable  modes.  For  a  first  tangential  mode  only  a  I  per  rev  type  fuel 
distortion  will  have  any  consequence.  The  effects  of  a  steady  circumfer¬ 
ential  flow  distortion  transmitted  from  the  inlet  into  the  augmentor  by 
the  fan  were  not  investigated.  Since  steady  inlet  distortion  is  a  neces¬ 
sary  by-product  of  flight  maneuvers  of  many  airplanes  (e.g.,  F  —  1 1 1 A ) ,  the 
sensitivity  of  augmentor  instability  to  non-ax i symmetric  flow  fields  is 
an  issue  requiring  attention.  The  third  basic  question  of  the  current  TF- 
30  study  concerns  the  effects  of  engine  inlet  distortion.  Unfortunately, 
the  failure  to  obtain  combustion  instability  data  with  inlet  distortion 
ultimately  eliminated  this  question  from  the  study.  Data  could  not  be  ob¬ 
tained  because  of  repeated  engine  surges  encountered  when  attempting  aug¬ 
mentation  with  distortion  screens  placed  in  the  inlet. 


THE  DEVELOPMENT  OF  TEST  EXPERIENCE 

While  the  aircraft  engine  companies  have  doubtlessly  gained  much  ex¬ 
perience  in  experimental  determination  of  combustion  instability  in  aug- 
mentors,  very  little  information  of  recent  origin  is  available  in  the 
literature.  In  particular,  test  experience  in  which  oscillation  amplitudes 
are  monitored  over  a  continuous  range  of  augmentor  operation  has  simply 
not  been  described  in  the  literature.  Thus  the  fourth  basic  question  of 
the  TF-30  study  concerns  the  effective  generation  and  analysis  of  augmentor 
instability  amplitude  data.  This  question  dominated  the  Aero  Propulsion 
Laboratory's  effort  in  the  program. 


SUMMARY  OF  PROGRAM  OBJECT  I VES 


The  study  of  combustion  instability  in  the  TF-30  augmentor  represented 
a  direct,  logical  extension  of  NREC's  earlier  study  of  two  conventional 
turbojet  afterburners.  The  current  program  differed  sallently  from  the 
former  on  two  counts:  first,  the  augmentor  studied  is  of  recent  design  and 
from  a  turbofan  engine;  second,  an  experimental  program  paralleled  the 
analytical  study.  The  objectives  of  the  current  study  were  as  follows: 

1.  Establish  the  most  effective  use  of  NREC's  analytical  model  for 
evaluating  combustion  instability  amplitudes  in  mixed-flow  aug- 
mentors . 

2.  Develop  improved  procedures  for  calculating  values  of  the  parameters 
used  in  the  combustion  instability  model  by  conducting  a  parametric 
study  and  correlating  the  analytical  results  with  experimental  data. 

3.  Use  the  model  to  determine  the  effects  of  engine  inlet  distortion 
on  combustion  instability. 
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4.  Establish  engine  test  and  data  reduction  procedures  for  obtaining 
combustion  instability  amplitude  data  to  be  used  in  conjunction 
with  NREC's  analytical  model. 

Only  the  third  objective  was  abandoned  as  a  consequence  of  repeated  engine 
surges  whenever  testing  the  augmentor  with  engine  inlet  distortion. 


PROGRAM  ORGANIZATION 


TEST  PROGRAM 

A  TF-30-PI  was  tested  in-house  by  the  Aero  Propulsion  Laboratory.  A 
test  matrix  involving  ten  engine  test  "configurations"  was  developed  by 
allowing  for  the  following  variations: 

1.  Alternate  screech  liners. 

2.  Alternate  f  I  amehol ders . 

3.  AVGAS  as  well  as  JP-4  fuel. 

4.  Engine  inlet  with  and  without  distortion  screens. 

High  response  pressure  oscillation  data  were  obtained  for  most  of  these  test 
"configurations"  with  a  variety  of  fuel  zones  in  operation  (including  fuel 
zone  combinations  which  do  not  occur  in  normal  engine  operation).  The  high 
response  data  was  put  through  a  spectral  density  analysis  to  identify  the 
principal  frequencies  in  the  sustained  oscillations.  Climatic  conditions 
over  the  period  of  the  engine  testing  happened  to  introduce  an  additional 
parameter  which  proved  unusually  salient,  namely  engine  inlet  temperature. 


ANALYTICAL  PROGRAM 

The  analytical  study  was  divided  into  three  basic  tasks,  each  of 
which  was  further  subdivided  into  an  initial  analysis  subtask  and  a  corre¬ 
lation  with  experimental  data  subtask.  The  three  tasks  were  as  follows: 

Task  I:  Mixed-Flow  Augmentor  Analysis 

Task  II:  Evaluation  of  Model  Parameters 

Task  III:  Evaluation  of  Inlet  Distortion  Effects 

The  third  task  was  eliminated  from  the  program  because  of  the  inability  to 
obtain  relevant  test  data. 

The  first  task  involved  a  thorough  analysis  of  the  combustion  in¬ 
stability  characteristics  of  the  nominal  design  of  the  TF-30  augmentor. 
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Ten  acous t  i  c  modes  were  examined  at  five  different  augmentor  fuel  zone  op¬ 
erating  cond  i  t  i  ons.  The  complete  analysis  was  conducted  using  both  a 
cylindrical  afterburner  and  an  annular  ductburner  model  of  the  mixed-flow 
configuration.  The  objective  of  the  task  was  to  identify  how  NREC's  com¬ 
bustion  instability  analysis  should  be  adapted  to  mixed-flow  lugmentors. 
Correlation  of  analytically  predicted  with  observed  oscillation  frequencies 
and  amplitudes  provided  the  basis  for  meeting  this  objective. 

The  second  task  involved  a  parametric  examination  of  the  TF-30  augmen¬ 
tor.  Variations  considered  included  the  flameholder  design,  the  screech 
liner,  the  fuel  used,  the  augmentor  inlet  temperature,  and  the  fuel  flow 
rate  and  distribution.  Attention  in  the  parametric  study  centered  on  those 
acoustic  modes  found  to  be  most  significant  during  Task  I.  The  objective 
of  the  second  task  was  to  clarify  the  numerical  values  of  the  parameters 
in  the  NREC  model .  Again  correlation  of  analytical  and  experimental  oscil¬ 
lation  amplitudes  provided  the  basis  for  evaluating  how  the  parameters  in 
the  model  are  best  treated. 


CONTENTS  OF  THE  REPORT 

The  remainder  of  the  main  body  of  the  technical  report  consists  of 
three  major  chapters.  Chapter  III  describes  the  TF-30  test  program  and 
the  augmentor  instability  results;  Chapter  IV  describes  the  basic  ana¬ 
lytical  study  of  the  augmentor  (Task  I  above);  Chapter  V  describes  the 
parametric  study  of  the  augmentor.  The  main  body  ends  with  a  chapter 
summarizing  conclusions  and  recommendations  from  the  study. 

The  report  includes  ten  appendices.  The  first  five  provide  details 
on  the  TF-30-PI,  its  augmentor  components,  and  the  modelling  of  its 
geometry,  th rough-f 1 ow,  and  combustion.  The  sixth  and  seventh  appendices 
give  background  on  the  instrumentation  and  data  reduction  used  in  the  test 
program.  The  eighth  appendix  reviews  NREC's  instability  model,  with  par¬ 
ticular  attention  given  to  unsteady  combustion  inputs.  The  ninth  appendix 
describes  modifications  and  corrections  to  Programs  HLMHLT  and  REFINE,  and 
the  tenth  appendix  provides  up-to-date  listings  of  the  Fortran  source’decks 
or  the  two  programs. 
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CHAPTER  II 


SUMMARY 


This  report  describes  an  experimental  program,  conducted  by  the  USAF 
ero  Propulsion  Laboratory,  and  an  analytical  program,  conducted  by  Northern 
Research  and  Engineering  Corporation,  on  the  combustion  instability  charac- 
teristics  of  mixed-flow  augmentors,  using  the  TF-30-PI  as  a  test  vehicle. 

The  study  is  a  logical  outgrowth  of  previous  APL-sponsored ,  NREC  studies  of 
analytical  models  of  augmentor  instability. 

The  TF-30-PI  was  tested  at  APL.  Its  augmentor  was  instrumented  with 
i gh  response  Kistler  transducers  to  monitor  pressure  oscillations  at  the 
liner  Several  configuration  changes  were  tested,  including  a  blocked 

screech  liner,  an  alternate  flameholder,  some  blocked  fuel  zones  and  an 
alternate  fuel. 


The  test  program  revealed  a  clear  oscillation  at.  roughly  385  Hz  but 
the  oscillation  reaches  significant  amplitudes  only  when  operating  with  a 
combination  of  fuel  zones  that  does  not  occur  during  normal  engine  operation. 
Variations  of  the  screech  liner  and  the  flameholder  had  negligible  effects 
on  the  osci I lation.  Changing  from  J P-4  to  AVGAS  practically  eliminated  it. 
Variations  of  engine  inlet  temperature  had  the  most  dramatic  effect:  when 
testing  on  warm  summer  days,  oscillation  amplitudes  remained  below  10  per 

cent  (peak-to-mean) ;  on  a  cold  spring  day  the  amplitude  was  measured  to  be 
37  per  cent. 

The  analytical  effort  included  first,  an  analysis  of  the  nominal  aug- 
mentor  to  determine  how  mixed-flow  configurations  are  best  approximated 
within  NREC's  previously  developed  instability  model;  and  second,  a  para¬ 
metric  study  of  engine  design  variations  to  evaluate  procedures  for  cal¬ 
culating  some  of  the  more  elusive  model  parameters.  In  each  part  of  the 
study  NREC's  combustion  instability  model  was  used  to  predict  oscillation 
frequencies  and  amplitudes,  and  these  predictions  were  then  correlated 
with  test  data  in  order  to  refine  the  model  input  values. 

The  basic  analysis  of  the  augmentor  correctly  indicated  its  first 
tangential  mode  to  be  strongly  unstable,  with  a  frequency  between  370 
and  400Hz.  The  initially  predicted  amplitude  level  was  in  excess  of 
25  per  cent  for  warm  day  conditions.  With  proper  modelling  of  the  steady 
combustion  characte ri st 1 cs  of  the  five-zone  augmentor,  the  analysis  cor¬ 
rectly  identified  the  fuel  zone  combination  during  which  the  oscillation 
is  most  severe.  The  good  correlation  of  predictions  with  data  authorized 
the  conclusion  that  the  observed  instability  is  driven  by  droplet  vaporiza¬ 
tion  and  burning  mechanisms  in  the  fan  stream. 

The  parametric  study  correctly  predicted  the  negligible  effects  of  the 
liner  and  flameholder  modifications,  as  well  as  the  elimination  of  the  in¬ 
stab.  I . ty  when  AVGAS  is  substituted  for  JP-4.  The  trend  toward  more  severe 
instability  on  cold  days  was  also  qualitatively  predicted.  However  to 
correlate  the  predicted  and  the  observed  amplitude  differences  on  warm  and 
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CHAPTER  III 


TF-30-PI  AUGMENTOR  TESTS 


The  analytical  study  of  mixed-flow  augmentor  instability,  described 
in  Chapters  IV  and  V,  was  supported  with  test  data  provided  under  an  Air 
Force  Aero  Propulsion  Laboratory  (A FA  PL)  in-house  test  program.  The  test 
vehicle  was  a  TF-30-P1  augmented  turbofan  engine,  employing  a  mixed-flow 
type  augmentor.  A  description  of  the  engine  is  given  in  Appendix  I.  The 
specific  engine  tested  had  operated  for  219  hours  prior  to  this  program, 
in  which  almost  80  additional  hours  were  accumulated.  The  engine  had 
flown  in  an  F-l 1 1A  aircraft. 

The  test  program  had  some  specific  objectives  to  be  satisfied  in  sup¬ 
port  of  the  analytical  program.  First,  a  crucial  achievement  was  to  es¬ 
tablish  a  repeatable,  sustained  oscillation  in  the  augmentor.  Second, 
data  were  needed  on  how  the  sustained  oscillation  amplitude  varies  with 
different  engine  modifications  (particularly  fuel  type,  screech  liner,  and 
flameholder  variations).  Third,  data  were  needed  on  how  engine  inlet  dis¬ 
tortion  affected  the  instability  characteristics  of  the  augmentor,  if  at 
all.  The  test  program  had  the  additional  objective  of  putting  into  the 
literature  a  description  of  the  type  of  augmentor  test  procedures  and  in¬ 
strumentation  needed  in  support  of  NREC's  analytical  model. 

The  present  chapter  describes  the  basic  results  of  the  test  program 
and  offers  general  observations  made  during  the  test  program  relative  to 
engine  stability,  performance,  and  general  operating  characteristics. 

Some  additional  details  on  the  engine  test  configurations  can  be  found  in 
Appendices  I  through  V,  and  the  instrumentation  and  data  reduction  are 
described  in  detail  in  Appendices  VI  and  VII,  respectively. 


ENGINE  TEST  CELL  INSTALLATION 


The  test  engine  was  installed  in  Test  Stand  "C"  at  the  AFAPL.  This 
stand  is  a  ground  level  "U-type"  stand.  Air  enters  a  large  inlet  plenum 
chamber  room  through  the  ceiling  at  one  end  of  the  cell.  The  engine  was 
mounted  on  a  40,000  pound  thrust  stand  at  the  center  of  this  room,  the 
exhaust  of  which  was  directed  into  a  large  water  cooled  ejector.  Behind 
the  ejector  was  an  acoustically  treated  exhaust  plenum  which  directed  the 
cooled  gases  through  the  roof  at  the  opposite  end  of  the  cell,  thus  the 
U-type  airflow  path.  A  schematic  of  this  test  cell  is  shown  in  Figure  1. 
No  airflow  preconditioning  was  made  in  this  test  cell. 

In  addition  to  various  steady-state  instrumentation  which  provided 
detailed  information  on  engine  operation,  the  augmentor  was  instrumented 
with  six  high  response,  Kistler  Model  603L  transducers  which  monitored 
the  oscillatory  component  of  the  pressure  at  the  outer  diameter  of  the 
augmentor.  The  six  high  response  transducers  were  located  as  follows: 

I.  Channels  1,  3*  and  7  were  located  approximately  in  the  plane  of 
the  vee-gutter  flameholder  at  roughly  0,  90,  and  135  degrees 


around  the  circumference  (in  fact,  at  14,  103,  and  146  degrees). 

2.  Channels  2,  4,  and  8  were  located  approximately  19  inches  down¬ 
stream  of  the  first  set,  in  the  same  circumferential  positions 
respectively;  this  axial  position  coincides  with  the  downstream 
end  of  the  perforated  screech  liner. 

These  channel  designations  are  used  below  in  describing  the  data  obtained. 

Several  times  during  the  test  program,  recirculation  of  the  test  cell 
exhaust  gases  occurred.  This  phenomena  is  not  uncommon  with  U-type  test 
cells  when  the  prevailing  winds  pass  across  the  cell  from  exhaust  to  inlet. 
Of  course,  a  condition  such  as  this  could  not  be  tolerated  during  a  record 
run.  Re-ingestion  of  exhaust  products  resulted  in  wide  fluctuations  in 
engine  performance  and  critical  operating  parameters.  Recirculation  could 
be  easily  monitored  through  the  engine  inlet  temperature  sensors  which 
showed  broad  temperature  excursions  (as  much  as  30-40  deg  F)  during  exhaust 
gas  ingestion.  When  this  condition  was  observed,  the  test  was  terminated. 


TEST  PLAN 

A  detailed  test  plan  was  established  at  the  start  of  the  program  defin¬ 
ing  the  matrix  of  augmentor  test  configurations  and  operating  conditions  to 
be  examined  during  the  program.  A  principal  objective  of  this  in-house  pro¬ 
gram  was  to  establish  at  least  one  controlled  unstable  operating  condition 
within  the  augmentor  and  document  its  oscillatory  activity  using  high  response 
Kistler  pressure  instrumentation.  The  various  test  configurations  and  opera¬ 
ting  conditions  defined  in  the  test  plan  (Table  I)  were  identified  as  poten¬ 
tial  approaches  to  establ i shing  this  unstable  condition.  The  TF-30-P1  engine, 
although  found  to  be  sensitive  at  certain  operating  conditions,  had  a  very 
stable  afterburner  system.  The  basic  changes  made  to  this  augmentor  in  an 
attempt  to  alter  its  stability  included: 

1.  Blocking  70  per  cent  of  the  conventional  screech  liner  damping  holes 
to  eliminate  or  significantly  reduce  its  damping  characteristics. 

2.  Substituting  a  modified  flameholder  assembly  for  the  conventional 
assembly. 

3.  Altering  the  fuel  distribution  characteristics  of  the  augmentor 
fuel  injection  system. 

4.  Imposing  flow  distortion  at  the  engine  inlet  using  distortion 
screens. 

5.  Substituting  Aviation  Gasoline  (AVGAS)  for  the  conventional  jet 
fuel—  JP-4. 

The  test  plan  matrix  (Table  I)  distinguishes  among  ten  engine  test 
configurations  in  which  the  following  distinctions  dominate: 
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1.  Tests  I  and  6  correspond  to  the  nominal  engine  (with  Test  I  using 
a  blocked  screech  liner). 

2.  Tests  7  and  8  employed  a  modified  flameholder. 

3.  Tests  9  and  10  used  AVGAS. 

4.  Tests  2,  3.  4,  and  5  employed  circumferential  distortion  screens 
at  the  inlet  of  the  engine. 

The  TF-30-PI  augmentor  has  five  fuel  injection  zones,  numbered  in  the  se¬ 
quence  in  which  they  become  activated.  Zones  I  and  5  are  in  the  core 
stream,  zones  3  and  4  are  in  the  fan  stream,  and  zone  2  employs  a  combined 
aerodynamic  flameholder  and  premixed  fuel-ai  r-jet-injector  near  the  outer 
diameter  of  the  fan  stream.  Augmentor  oscillation  data  were  taken  with  two 
standard  and  four  extraordinary  fuel  zone  combinations: 


1.  Z4:  all  zones  operating  except  zone  5  in  the  core  stream. 

2.  Z5 :  max  augmentation  (all  zones). 

3.  Z6:  all  zones  except  zone  2  at  the  outer  diameter. 

4.  Z7:  zone  I  in  the  core  stream  and  zone  3  in  the  fan  stream. 

5.  Z8MIN;  zones  1  and  3  and  minimal  fuel  from  zone  4  in  the  fan 
stream. 

6.  Z8MAX:  zones  I  and  3  and  maximal  fuel  from  zone  4  in  the  fan 
stream. 


The  details  of  the  fuel  zone  combinations  and  the  injector  positions  can 
be  found  in  Appendix  V.  The  fuel  zone  combinations  other  than  Z4  and  Z5 
do  not  occur  during  normal  engine  operation.  In  the  present  study  they 
have  the  effect  of  producing  some  unusual  radial  fuel  distributions. 

Because  the  test  program  extended  from  the  spring  to  the  summer  of 
1971,  an  additional  test  variable  emerged  as  a  result  of  changing  climatic 
conditions,  namely  engine  inlet  temperature.  Some  of  the  most  striking 
augmentor  instability  results  were  obtained  in  cold  day  tests  in  the  early 
part  of  the  test  program.  Subsequent  attempts  to  repeat  these  tests  at 
the  end  of  the  test  program  could  not  be  carried  through  as  a  result  of  an 
engi ne  failure. 


ESTABLISHING  AN  AUGMENTOR  INSTABILITY 


Most  of  the  configuration  changes  identified  above  had  little  effect 
on  the  stability  of  the  augmentor.  However,  during  a  fuel  redistribution 
test  an  audible  screech  was  identified.  First  observation  was  made  while 
examining  the  fuel  zone  condition  Z8MAX.  This  condition  initiated  a  400  Hz 


15 


oscillation  which  was  audible  within  the  control  room  and  caused  an  increase 
in  the  level  of  turbine  vibration  from  1.2  to  2.8  mils.  This  condition  was 
subsequently  verified  by  the  high  response  pressure  instrumentation  installed 
in  the  afterburner  case  (see  Appendix  VI).  Further  substantiation  was  pro¬ 
vided  by  high  speed  film  taken  with  a  Fastax  camera  installed  in  the  exhaust 
ejector  viewing  into  the  afterburner  through  the  engine  exhaust  nozzle. 


The  unstable  operating  condition  described  above  was  a  controlled  con¬ 
dition  in  that  it  did  not  achieve  catastrophic  proportions  (often  a  result 
of  severe  combustion  instability)  and  could  be  repeated  at  any  time.  Thus, 
a  full  detailed  analysis  of  this  instability  could  be  accomplished. 


A  typical  oscillograph  trace  of  the  pressure  oscillation  during  the 
audible  instability  is  shown  in  Fiqure  2.  This  record  corresponds  to  the 
nominal  engine  (Test  6)  at  the  Z8MAX  fuel  condition;  the  data  is  taken 
from  Channel  4.  A  power  spectral  density  analysis  of  this  oscillation  re¬ 
veals  (see  Figure  3)  a  prominent  spike  at  roughly  370  Hz,  and  a  lesser  spike 
at  roughly  190  Hz.  For  simplicity  these  two  prominent  components  of  the 
oscillation  will  henceforth  be  referred  to  as  the  400  Hz  and  the  200  Hz  com¬ 
ponents,  respectively.  The  power  spectral  density  analysis  indicates  no 
other  frequencies  with  large  activity  below  5000  Hz.  In  terms  of  peak-to- 
mean  pressure  oscillation  amplitudes,  the  400  Hz  component  of  Figure  3  rep¬ 
resents  almost  7  per  cent.  By  way  of  contrast,  Figure  4  shows  a  PSD  plot 
of  the  same  channel  in  the  same  engine  test,  but  for  the  Z5  fuel  condition 
(full  augmentation)  at  which  no  audible  instability  occurred.  Spikes  just 
below  400  Hz  and  200  Hz  are  still  the  distinguishable  features  of  the  PSD 
analysis,  but  the  lower  frequency  component  is  now  more  prominent  than  the 
higher  frequency.  In  terms  of  peak-to-mean  amplitudes  the  400  Hz  component 
of  Figure  4  is  at  1.44  per  cent,  while  the  200  Hz  component  is  at  2.67  per 
cent.  These  two  peaks  appear  consistently  throughout  the  PSD  analysis  of  the 
high  response  test  data.  Only  the  400  Hz  component  reaches  large  amplitudes, 
and  these  occur  only  in  the  Z8MAX  fuel  condition. 


EFFECTS  OF  ALTERNATE  CONFIGURATIONS 

Several  afterburner  configurations  were  examined  during  the  tests. 
However,  only  one  repeatable  unstable  condition  was  identified  regardless 
of  configuration  tested--  the  400  Hz  instability  at  condition  Z8MAX. 

The  screech  liner,  bl ocked  or  standard,  had  no  effect  on  initiating  or 
damping  the  oscillation.  The  standard  TF-30-PI  screech  liner,  however,  was 
not  tuned  for  a  screech  condition  of  400  Hz  and,  therefore,  was  virtually 
ineffective  as  a  damping  device  for  this  condition. 

Flame holder  configuration  seemed  to  have  little  or  no  effect  on  the 
400  Hz  condition. 

Substituting  AVGAS  for  JP-4  fuel  appeared  to  have  some  effect  on  aug- 
mentor  stability.  The  400  Hz  response  was  still  present  with  AVGAS  at  the 
Z8MAX  condition,  but  the  amplitudes  were  consistently  low  in  spite  of  the 
audibility  of  the  oscillation. 
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Flow  distortion  effects  could  not  be  examined  due  to  high  sensitivity 
of  the  test  engine  to  imposed  distortion. 

Only  fuel  distribution  changes  seemed  to  have  a  dramatic  effect  on 
;SSTtoI  ^bustjon  stability.  At  Z8MAX,  the  instability  was  strong;  at 
Z8MIN  and  Z5  the  instab. I i ty  ceased,  amplitude  levels  returning  to  low, 
virtually  negligible  values, 

INLET  TEMPERATURE  EFFECTS 

The  stability  test  program  was  conducted  over  a  period  of  six  months 
from  early  spring  to  late  summer.  Consequently,  a  spread  in  engine  inlet 
temperature  from  a  low  of  25  degrees  F  to  a  high  of  85  degrees  F  was  ob¬ 
served  This  temperature  spread  appeared  to  have  some  influence  on  the 
amplitude  of  the  oscillatory  instability  described  above.  When  the  1+00  Hz 
ctivity  was  first  observed,  inlet  temperature  to  the  engine  was  35  degrees  F 
resulting  in  an  audible  response.  However,  later  in  the  test  program  at 
higher  inlet  temperatures  the  amplitude  level  of  the  400  Hz  oscillation  de¬ 
creased.  This  phenomenon  was  consistent  throughout  the  program-  the  cooler 
the  engine  inlet  temperature  the  higher  the  pressure  amplitude.  In  fact 
during  a  period  of  engine  calibration  testing  when  the  test  cell  temperature 
dropped  to  approximately  25  degrees  F,  the  instability  became  of  sufficient 
magnitude  to  contribute  to,  if  not  directly  cause,  a  failure  of  a  fuel  injec¬ 
tor  ring  splash-plate  and  of  an  exhaust  nozzle  actuator  pressure  line  Sub¬ 
sequent  analysis  of  the  failed  parts  showed  a  vibration  fatigue  failure  pos¬ 
sibly  caused  by  the  instability.  The  failure  occurred  during  an  extended 
afterburning  run  at  Z8MAX  (approximately  15  minutes  duration).  Oscillatory 
overpressures  during  this  run  could  have  been  of  sufficient  magnitude  to 
overstress  these  parts.  Furthermore,  the  engine  manufacturer ,  Pratt  and 
Whitney  Aircraft,  indicated  that  the  flameholder  and  fuel  injector  hardware 
have  a  natural  response  at  approximately  400  Hz  and,  therefore,  warned  that 

*'lUn  °f  the;e  Parts  could  result.  The  flameholder,  however,  remained 
in  excellent  condition  throughout  the  program. 

78iiiA9xUrr  5Hd:SP,ayS  3  po"er.sPectral  density  analysis  of  channel  7  during 
the  Z8MAX  condition  on  a  relatively  cold  day  of  testing  (engine  inlet  tem¬ 
perature  was  35  degrees  F).  The  spike  at  385  Hz  is  substantial  1 y  more 

n^rTn^  pf,5hoW"  m  ^ 1  9ure  3.  In  terms  of  the  peak-to-mean  pressure 

oscillation  amplitude,  the  value  indicated  for  385  Hz  is  37.4  per  cent  On 

this  same  day  significantly  greater  activity  was  observed  even  at  the  Ik  con- 

^cordJ  9ArH  a  sustainfd  Paak-to-mean  amplitude  of  9  per  cent  was 

in  t*  V  deta,led  d|scussion  of  the  inlet  temperature  effect  can  be  found 


SUMMARY  OF  OBSERVED  AMPLITUDES 

From  the  point  of  view  of  NREC's  augmentor  instability  analysis,  the 
preferred  form  of  the  pressure  oscillation  test  data  is  that  of  peak-to- 
mean  amplitude:  p7p  .  The  results  of  the  various  power  spectral  density 
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analyses,  which  indicate  the  RMS  value  of  the  oscillatory  pressure  compo¬ 
nent,  have  been  reduced  to  peak-to-mean  form.  Tables  II  through  VII  show 
the  peak-to-mean  amplitudes  (as  percentages)  for  the  400  Hz  oscillation  in 
the  various  test  configurations  and  fuel  zone  combinations.  Tables  VIII 
through  XIII  give  the  corresponding  results  for  the  200  Hz  oscillation. 

In  some  test  configurations  the  400  Hz  oscillation  appeared  as  a  double 
peak  in  the  PSD  plots,  but  the  data  shown  in  the  tables  represents  the 
highest  amplitude  value  within  400  Hz  ±50  Hz.  Blanks  in  the  tables  repre¬ 
sent  failures  to  obtain  data,  usually  because  of  improperly  functioning 
charge  ampl ifiers  (see  Appendix  VI).  The  data  tabulated  has  guided  the 
analytical  efforts  of  the  program. 


THE  400  HZ  COMPONENT 


Some  basic  trends  in  the  tabulated  data  deserve  comment.  The  400  Hz 
oscillation  consistently  shows  a  marked  increase  in  amplitude  as  maximum 
fuel  flow  in  zone  4  is  reached  in  the  Z8  condition.  Amplitude  levels  are 
rather  low,  with  no  distinctive  patterns  in  all  other  fuel  zone  combina¬ 
tions.  Even  in  Z8MIN  the  amplitude  of  the  400  Hz  component  does  not  differ 
markedly  from  its  value  without  any  augmentation.  It  should  be  noted  that 
even  without  augmentation  the  PSD  plots  indicate  a  concentration  of  activity 
in  rhe  400  Hz  area,  so  that  the  Z0  amplitudes  in  the  tables  do  not  represent 
pure  noise.  The  conclusion,  then,  is  that  spec i f i ca I  1 y  wi th  the  Z8MAX  fuel 
combination  an  intermediate  level  instability  becomes  sustained  in  the  TF- 
30-PI  augmentor.  The  instability  is  considered  intermediate  or  moderate  in 
severity  because  in  general  the  amplitude  levels  observed  remained  below  10 
per  cent.  The  prominent  exception,  of  course,  was  the  37  per  cent  level  ob¬ 
served  on  a  cold  day--  an  amplitude  level  which  is  severe.  The  second  con¬ 
clusion,  then,  is  that  the  moderate  instability  in  the  Z8MAX  condition  be¬ 
comes  severe  when  the  engine  inlet  temperature  is  low. 


Comparing  amplitude  levels  from  channel  to  channel  indicates  that  the 
400  Hz  osci I  1  at  ion  has  a  dominent  tangential  component  since  the  circum¬ 
ferential  variation  in  each  instrumentation  plane  is  marked.  Whether  the 
oscillation  has  a  significant  longitudinal  component  remains  unclear  from 
the  tabulated  data.  Since  the  highest  amplitude  point  moves  circumferen¬ 
tially  from  the  flameholder  plane  to  the  plane  at  the  end  of  the  screech 
liner,  the  oscillation  appears  to  be  winding  like  a  cork-screw  along  the 
length  of  the  augmentor.  The  Fastax  movies  of  the  instability  indicate  a 
sloshing  mode  with  primary  oscillation  activity  at  the  outer  diameter,  as 
is  characteristic  of  a  tangential  mode.  The  movies  also  indicate  that  the 
oscillation  is  a  first  tangential  in  that  only  two  hot  spots,  180  degrees 
apart,  stand  out  alternately. 


Changing  the  flameholder  and  the  screech  liner--  at  least  in  hot  day 
testing--  produced  no  distinctive  trends  in  the  400  Hz  oscillation  charac¬ 
teristics.  The  only  marked  peak  continued  to  occur  at  Z8MAX ,  and  the  level 
remained  moderate.  Switching  to  AVGAS  fuel,  however,  caused  the  oscilla¬ 
tion  level  to  drop  in  all  fuel  zone  combinations  (see  Tests  9  and  10  in 
Tables  II  through  VII).  The  relative  prominence  of  the  Z8MAX  condition 
also  diminished.  Still,  the  PSD  plots  show  a  clear  spike  in  the  400  Hz 
range  even  with  AVGAS. 
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THE  200  HZ  COMPONENT 


The  200  Hz  oscillation  persists  over  a  broad  range  of  augmentor  op¬ 
erating  conditions,  but  never  exhibits  markedly  significant  amplitude 
levels.  None  of  the  fuel  zone  combinations--  not  even  Z8MAX —  have  marked 
effects  on  the  200  Hz  amplitude.  The  maximum  observed  amplitude  of  5.35 
per  cent  happens  to  occur  in  the  lightly  augmented  Z7  condition.  This  os¬ 
cillation  is  more  prominent  than  the  400  Hz  resonance  during  zero  augmenta¬ 
tion,  so  that  it  might  be  driven  by  some  energy  source  other  than  the  aug¬ 
mentor  heat  release  process. 

Unlike  the  400  Hz  resonance,  the  200  Hz  component  does  not  appear  to  be 
sensitive  to  engine  inlet  temperature.  The  modified  flameholder,  however, 
appears  to  increase  its  characteristic  amplitudes  for  all  augmentor  operating 
conditions.  The  screech  liner,  tuned  to  a  much  higher  frequency,  shows  no 
pattern  of  effect.  AVGAS  reduces  the  amplitudes,  but  not  so  pronouncedly  as 
in  the  case  of  the  400  Hz  component. 


TURBINE  DISCHARGE  TEMPERATURE  EFFECTS 


Contrary  to  the  above  discussion  relative  to  higher  inlet  tempera¬ 
ture  effects,  it  was  noted  that  higher  turbine  discharge  temperatures 
seemed  to  increase  oscillatory  activity  at  Z8MAX.  During  one  such  ex¬ 
amination  a  Z8MAX  condition  was  established  with  the  engine  trimmed  to 
military  specification.  The  400  Hz  instability  was  noted.  When  the 
engine  was  then  uptrimmed,  resulting  in  increased  turbine  discharge 
temperatures,  the  unstable  condition  became  more  pronounced —  increased 
audibility  in  the  control  room  and  higher  pressure  amplitude  levels  from 
the  Kistler  instrumentation.  Based  on  the  observation  described  above 
and  the  effect  of  increased  turbine  discharge  temperature  discussed 
herein,  it  would  appear  that  the  unstable  condition  at  400  Hz  is  sensi¬ 
tive  to  the  temperature  difference  between  the  fan  stream  and  core 
stream.  In  both  instances,  an  increase  in  this  temperature  difference 
increased  the  oscillatory  activity  within  the  augmentor. 


INLET  DISTORTION  TESTS 


As  the  test  plan  indicates, a  series  of  inlet  flow  distortion  tests  were 
planned  to  assess  the  effects  a  distorted  flow  condition  imposed  at  the  en¬ 
gine  inlet  might  have  on  the  combustion  stability  of  the  augmentor.  Two 
distortion  conditions  were  originally  planned  subject  to  engine  stall  sen¬ 
sitivity--  a  180  degrer  screen  over  ‘.he  fan  infet  (Figure  7)  and  a  90  degree 
screen  (later  reduced  to  72  degrees,  Figure  8).  The  screens  where  j-inch 
square  mesh  of  0.072  inch  wire.  It  was  expected  that  this  wide,  uniform 
mesh  screen  (normally  used  as  the  base  support  screen  for  attaching  more 
complex  distortion  patterns)  would  provide  some  inlet  distortion  but  not  of 
such  magnitude  to  disturb  severely  the  normal  operating  characteristics  of  the 
engine.  Unfortunately,  distortion  screens  from  180  degrees-coverage  to 
72  degrees-coverage  were  found  to  be  too  severe  for  the  engine.  The  engine 
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would  surge  when  attempting  to  light  the  afterburner  for  every  screen  con¬ 
figuration  examined.  Consequently,  no  test  data  could  be  acquired  relative 
to  the  effect  of  inlet  distortion  on  augmentor  stability.  Although  the  en¬ 
gine  underwent  several  severe  compressor  surges  (a  condition  during  which 
the  airflow  through  the  engine  is  suddenly  reversed  causing  burner  pressures 
to  drop  to  near  starting  pressure  levels,  and  often  resulting  in  combustion 
gases  to  be  expelled  out  the  front  of  the  engine),  the  engine's  structural 
integrity  was  virtually  unaffected,  permitting  completion  of  nearly  all  test¬ 
ing  planned  under  the  program.  Turbine  durability  was  of  prime  concern  dur¬ 
ing  a  surge  condition  since  turbine  inlet  temperatures  momentarily  exceed 
structural  design  limits.  No  severe  turbine  damage  was  noted,  however;  en¬ 
gine  performance  remained  consistent,  with  little  or  no  deterioration  through¬ 
out  the  duration  of  the  program.  In-house  testing  of  this  TF-30  engine  was 
eventually  terminated  as  a  result  of  a  major  turbine  failure  and  fuel  control 
problem  during  a  retest  of  some  selected  points  of  interest  under  cold  day 
conditions.  All  test  data  of  significance  had  been  recorded  prior  to  this 
fa  i  1  u  re . 


SPECIAL  TESTS 


Several  special  tests  beyond  those  defined  in  the  test  plan  were  also 
conducted  to  permit  examination  of  other  conditions  of  interest  not  identi¬ 
fied  early  in  the  program.  These  special  tests  are  listed  below. 

Test  No.  1  :  Two  special  test  conditions  were  included  in  the  re¬ 
port  of  this  test  to  show  the  significant  effect  inlet  air  temperature 
had  upon  the  stability  characteristics  of  the  augmentor.  The  basic  test 
series  of  Test  1  was  conducted  at  inlet  temperatures  of  49  to  51  degrees 
F.  The  two  special  tests  were  conditions  Z4  and  Z8MAX ,  but  were  con¬ 
ducted  at  inlet  temperatures  of  35  degrees  F.  An  order  of  magnitude  in¬ 
crease  in  pressure  amplitude  was  observed  in  the  two  special  tests. 

Test  No.  6:  At  the  conclusion  of  this  test,  a  special  test  was 
conducted  to  examine  an  afterburning  condition  in  which  fuel  zones  1, 

2,  and  5  were  on  while  zones  3  and  4  were  off.  This  condition  would 
provide  a  high  temperature  core  (zones  1  and  5)  and  outer  wall  stream 
(zone  2)  while  the  mid,  splitter  stream  would  remain  relatively  cool 
in  the  vicinity  of  the  flameholder.  No  severe  oscillation  was  ob¬ 
served,  although  the  400  Hz  and  200  Hz  spikes  still  appeared  in  the 
PSD  analysis. 

Test_  No.  9:  At  the  conclusion  of  this  test  using  AVGAS  fuel,  two 
conditions  were  repeated—  Z8MAX  and  Z4.  These  repeat  conditions  were 
conducted,  however,  at  higher  turbine  discharge  temperature  to  investi¬ 
gate  a  similar  effect  of  increased  augmentor  instability  activity  as 
observed  on  JP-4  fuel  at  elevated  turbine  discharge  temperature  levels. 
Turbine  discharge  temperatures  were  increased  50  to  60  degrees  during 
these  special  tests  by  uptrimming  the  engine  to  a  higher  operating  level. 

Test  No.  10:  Two  special  tests  were  conducted  at  the  conclusion  of 
this  test  to  examine  the  change  of  stability  characteristics  as  a  result 


20 


of  afterburner  fuel  change  (AVGAS  to  J P-4) .  The  first  special  test 

rj*rdUC'ed  3-  e,evated  turbine  discharge  temperature  levels  using 
AVGAS  as  the  primary  afterburner  fuel.  The  second  special  test  was 
conducted  at  essentially  the  same  operating  conditions  but  usinq  JP-4 
as  the  primary  afterburner  fuel.  This  provided  a  back-to-back  test  of 

itibmJi  T,  °?lal]ng  COnditions*  Som«  variation  in  augmentor 
stability  was  observed  but  not  as  much  as  expected.  It  is  possible  the 

high  engine  inlet  temperature  existing  during  these  tests  (67  degrees  F) 
may  have  significantly  suppressed  any  possible  activity. 
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CHAPTER  IV 


BASIC  INSTABILITY  ANALYSIS  OF  THE  TF-30-PI  AUGMENTOR 


This  chapter  describes  the  Task  I  study  of  the  nominal  TF-30-P1  augmen- 
tor  design.  The  task  was  conducted  in  two  parts:  first,  the  NREC  combustion 
instability  analysis  was  used  to  predict  the  oscillatory  combustion  character¬ 
istics  of  the  augmentor;  these  predictions  were  then  correlated  with  the  ex¬ 
perimental  results,  described  in  the  preceding  chapter,  and  approaches  for 
attaining  better  agreement  between  theory  and  test  were  adduced.  This  basic 
study  of  the  augmentor  ranges  over  a  large  number  of  potentially  unstable 
acoustic  modes  and  over  several  fuel  zone  combinations.  Three  objectives 
were  kept  in  mind: 

1.  To  determine  the  preferred  approach  for  using  NREC's  analysis  for 
mixed-flow  augmentors :  whether  they  are  best  modelled  as  cylindrical 
afterburners  or  as  annular  ductburners. 

2.  To  compare  predicted  and  observed  instability  characteristics  in  order 
to  check  the  applicability  of  NREC's  augmentor  analysis  as  it  cur¬ 
rently  stands. 

3.  To  identify  which  model  parameters  are  most  effectively  varied  to 
improve  agreement  between  analysis  and  experiment,  and  hence  which 
parameters  merit  most  attention  in  the  future  development  of  NREC's 
model  . 

The  chapter  reviews  in  sequence  the  ground  rules  for  the  analysis,  the  results 
of  the  initial  analysis,  the  comparison  with  experiments,  and  the  input  changes 
for  better  correlation. 


GROUND  RULES 


The  initial  analytical  effort  of  Task  I  was  to  produce  100  instability 
solutions,  produced  as  follows:  5  fuel  zone  combinations;  10  augmentor  duct 
acoustic  modes;  and  2  approaches  to  modelling  the  mixed-flow  configuration.' 
The  input  for  these  solutions  was  selected  with  little  regard  for  some  of  the 
details  of  the  TF-30-PI  augmentor.  For  the  more  elusive  input  parameters  the 
initial  analyses  used  the  same  values  as  were  used  with  apparent  success  in 
the  earlier  parametric  studies  of  conventional  afterburners.  Thus  the  initial 
analyses  are  best  viewed  as  providing  a  rough  benchmark  for  the  TF-30-P1 . 
Comparison  of  these  results  with  experimental  data  then  led  to  more  refined 
input  values,  and  hence  to  more  refined  analyses. 

The  five  fuel  zone  combine  .ions  which  were  investigated  were  identified 
in  the  preceding  section  of  the  report  and  are  described  in  detail  in  Appen¬ 
dix  V.  The  essential  characteristics  of  the  five  combinations  are  as  follows: 

1.  Z4:  max  augmentation  in  the  fan  stream. 

2.  Z5:  max  augmentation. 
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3.  Z6 :  max  augmentation  except  for  no  fuel  to  Zone  2  at  the  outer 
diameter  of  the  fan--  i.e.,  Z5  without  Zone  2. 

4.  Z7:  only  Zone  1  (the  pilot  zone)  and  Zone  3  in  the  fan  stream 
operat i ng. 

5.  Z8MAX:  max  augmentation  in  the  fan  stream  except  for  no  fuel  to 
Zone  2  at  the  outer  diameter  of  the  fan--  i.e.,  Z4  without  Zone  2. 

The  last  three  combinations  are  alike  in  that  Zone  2,  normally  the  second 
zone  to  be  engaged,  is  assumed  to  have  the  fuel  blocked  off.  Zone  2  aiffers 
from  the  other  four  zones  in  that  its  fuel  is  pre-mixed  with  compressor  dis¬ 
charge  air,  and  hence  prevaporized.  In  the  initial  analyses  the  different 
fuel  zone  combinations  were  assumed  to  affect  three  of  the  model  input  pa¬ 
rameters:  the  step  rise  in  the  sonic  velocity  at  the  flame-front;  the 

through-flow  distribution  downstream  of  the  flame-front;  and  the  magnitude 
and  radial  variation  of  the  chemical  energy  content  of  the  fluid  entering  the 
combustion  chamber.  Details  of  the  inputs  for  each  zone  combination  can  be 
found  in  Appendix  V.  The  reader  should  note  that  in  the  initial  analyses  the 
quality  of  the  fuel  (i.e.,  percent  vaporized)  at  the  flame-front  was  assumed 
to  be  the  same  regardless  of  the  zone  which  suppl ied  it. 

The  ten  acoustic  modes  which  were  selected  for  analysis  were  expected 
to  be  the  most  likely  to  exhibit  instability.  The  ten  are  described  below 
in  terms  of  their  dominant  spatial  component  in  the  combustion  chamber: 


1 . 

Mode 

1  : 

first  1 ongi tud i na 1 . 

2. 

Mode 

2: 

second  longitudinal. 

3. 

Mode 

3: 

third  longitudinal. 

4. 

Mode 

4: 

f i rs t  tangenti ai . 

5. 

Mode 

5: 

first  tangential  combined  with  first  longitudinal. 

6. 

Mode 

6: 

first  tanqential  combined  with  second  long'tudinal 

7. 

Mode 

7: 

second  tangential. 

8. 

Mode 

8: 

th i rd  tangent i a  1 . 

9. 

Mode 

9: 

first  rad  i  a  1 . 

10. 

Mode 

10: 

first  radial  combined  with  first  longitudinal. 

While  this  set  extends  over  a  broad  frequency  range--  0  to  1100  Hz  in  the 
afterburner  solutions  and  0  to  2400  Hz  in  the  duc-burner  solutions--  not 
all  acoustic  modes  within  this  range  are  included.  Several  more  longi¬ 
tudinal  modes  would  have  to  be  examined  to  exhaust  the  frequency  range. 

The  ten  that  were  chosen  all  have  comparatively  simple  mode  shapes,  a  con¬ 
dition  thought  to  be  normal,  if  not  necessary  for  an  instability. 
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The  two  methods  for  modelling  the  mixed-flow  geometry  have  been  identi¬ 
fied  earlier  in  terms  of  the  distinction  between  a  cylindrical  afterburner 
and  an  annular  ductburner.  In  the  case  of  the  cylindrical  afterburner  model 
the  upstream  boundary  was  located  at  the  turbine  discharge  nozzles,  and  the 
remainder  of  the  fan  duct  upstream  of  the  boundary  was  represented  via  an 
acoustic  admittance.  In  the  case  of  the  annular  ductburner  model,  only  the 
fan  stream  was  considered,  and  the  interface  between  the  fan  and  core  streams 
was  assumed  to  be  an  acoustically  reflective  boundary. 

A  few  additional  assumptions  made  in  the  initial  analyses  require  men¬ 
tion.  The  ioealized  augmentor  duct  dimensions  assumed  in  the  acoustics 
analyses  are  summarized  in  Appendix  1.  Raw  estimates  of  the  boundary  acous¬ 
tic  admittances  were  used  except  in  the  case  of  the  screech  liner;  upstream 
and  downstream  admittances  are  discussed  in  Appendix  I,  and  the  liner  ad¬ 
mittances,  in  Appendix  V.  The  Mach  number  levels  at  the  nozzle  and  at  the 
turbine  and  fan  discharge  are  sufficiently  high  as  to  dominate  the  acoustic 
admittances,  so  that  the  use  of  raw  estimates  for  the  latter  is  not  thought 
significant.  Through-flow  velocities  were  calculated  from  correct  duct  di¬ 
mensions,  but  mixing  between  core  and  fan  streams  was  ignored;  only  the  axial 
component  of  the  through-flow  was  considered.  Finally,  the  representation  of 
the  steady  and  unsteady  combustion,  as  mentioned  above,  was  very  simplified 
in  the  initial  analyses.  Since  subsequent  comparison  with  experimental  data 
led  to  more  refined  combustion  representation,  it  is  easier  to  discuss  the 
input  assumptions  in  the  context  of  correlating  analyses  with  tests. 

A  brief  final  preparatory  remark  is  needed  on  the  form  of  solution  pro¬ 
duced  by  NREC's  instability  analyses.  NREC's  model  is  discussed  in  some  de¬ 
tail  in  Appendix  VIII.  The  solution  for  any  individual  acoustic  mode  ulti¬ 
mately  consists  of  three  numbers:  its  frequency,  its  sustained  amplitude 
(zero  for  stable  modes),  and  the  threshold  amplitude  which  must  be  excee'hjd 
to  trigger  it.  The  solution  is  developed  in  three  steps: 

1.  An  acoustics  analysis  (Program  HLMHLT)  calculates  the  frequencies, 
decrements,  and  mode  shapes  of  the  natural  acoustic  modes  of  the 
augmentor  duct.  The  decrement  represents  the  rate  at  which  energy 
is  removed  from  the  mode,  and  hence  represents  the  rate  of  decay 
(or,  if  negative,  the  rate  of  growth)  of  the  mode. 

2.  An  unsteady  energy  analysis  (Program  REFINE)  calculates  refined 
values  of  the  frequency  and  decrement  for  each  acoustic  mode. 

These  refinements,  which  vary  nonlinearly  with  pressure  oscillation 
amplitude,  account  for  the  energy  added  or  absorbed  by  the  flow  and 
combustion  processes  and  by  surface  effects  ignored  in  the  initial 
acoustics  analysis. 

3 .  The  non  linear  variati on  with  amp litude  produces  results  of  the 
following  form  from  Step  2: 

-f*( amp)  =  £  +A-fl(o.-*  p) 

*  ('aTnp^  5  +  A  ®>l(a7r,p) 
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where  the  subscript  designates  purely  acousf <c  result..,.  A 
graphical  procedure,  shown  below,  is  finally  used  to  determine  the 
threshold  and  sustained  amplitudes  and  the  sustained  frequency  of 
the  duct  mode  under  examination.  The  sustained  amplitude  is  that 
at  which  the  energy  added  to  and  removed  from  the  oscillation  is 
in  equilibrium--  i.e.,  the  amplitude  at  which  the  decrement  is  zero 
and  the  slope  of  the  decrement  versus  amplitude  curve  is  positive. 


The  functions  shown  are  constructed  1  rom  the  results  ot  Step  2 .'’•.The 
final  solution  for  any  acoustic  mode  can  thus  be  put  in  the  form  of  plots 
like  the  above.  The  extent  to  which  the  decrement  plot  becomes  negative 
is  a  measure  of  the  rate  ot  growth  of  the  oscillation.  Modes  tor  which 
the  decrement  plots  remain  positive  are  simply  stable.  AM  other  modes  are 
oscillatory,  but  only  those  with  significant  se I f -sus ta ’ red  amplitudes  are 
termed  "unstable".  Many  of  the  results  of  the  TF-30-P!  solutions  will  be 
presented  in  this  graphical  form  since  it  displays  so  many  salient  features 
of  the  numerical  solution  in  a  single  picture. 


RESULTS  OF  THE  INITIAL  ANA LY SES 


The  baseline  analyses  predicted  that  many  of  the  ten  modes  examined 
are  stabie  for  ail  fuel  zone  combinations  regardless  of  the  representation 
of  the  mixed-flow  duct.  The  table  below  summarizes  the  predictions  for 
maximum  augmentation  (i.e.,  for  Z5) . 
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Mode 


A/B  Results 


D/BResul ts 


No. 

Compos i tion 

Stable 

I 

A 

Stable 

f 

A 

1 

1 st  Longi tudi na 1 

Yes 

49 

28 

Yes 

31 

18 

2 

2nd  Longi tudinal 

Yes 

105 

166 

Yes 

48 

54 

3 

3rd  Longi tudinal 

Yes 

128 

277 

Yes 

85 

115 

k 

1st  Tangential 

NO 

co 

oo 

o 

449 

Yes 

280 

316 

5 

1st  Tan,  1st  Long 

Yes 

425 

484 

Yes 

285 

352 

6 

1st  Tan,  2nd  Long 

Yes 

430 

562 

Yes 

280 

395 

7 

• 

2nd  Tangential 

NO 

710 

762 

Yes 

590 

626 

8 

3rd  Tangential 

Yes 

1060 

1050 

NO 

840 

918 

9 

1st  Radial 

Yes 

967 

959 

NO 

2600 

2666 

0 

1st  Rad,  1st  Long 

Yes 

930 

1004 

NO 

2400 

2675 

In  the  table  indicates  a  typical  frequency  with  flow  and  with  unsteady 
combustion,  and  indicates  an  acoustic  frequency  of  the  duct,  ignoring 
flow  and  unsteady  combustion;  frequencies  are,  of  course,  stated  in  Hz.  The 
observed  instability  was  at  385  Hz. 

For  discussing  these  results  in  detail  it  is  easiest  to  distinguish 
three  categories:  modes  predicted  to  be  stable  with  both  representations, 
modes  predicted  to  be  unstable  only  in  the  ductburner  solutions,  and  modes 
predicted  to  be  unstable  only  in  the  afterburner  solutions. 


MODES  PREDICTED  TO  BE  STABLE 

The  three  purely  longitudinal  modes  are  predicted  to  be  simply  stable, 
with  logarithmic  decrements  in  excess  of  1.0.  Figure  9  shows  the  solution 
for  the  second  longitudinal  mode  at  full  augmentation.  The  large  decay  rate 
of  the  longitudinal  modes  is  primarily  a  consequence  of  through-flow  effects. 
The  large  difference  between  the  acoustic  and  the  "refined"  frequencies  is 
also  primarily  a  consequence  of  through-flow.  Since  the  Mach  numbers  in  the 
augmentor  are  highest  during  full  augmentation,  the  contribution  of  through- 
flow  in  the  tabulated  results  is  somewhat  greater  than  at  lesser  operating 
conditions.  It  should  be  remembered  that  the  analysis  ignores  flow  terms  of 
higher  order  than  Mach  number  squared.  Even  without  through-flow,  however, 
the  three  longitudinal  modes  are  predicted  to  be  stable  since  the  unsteady 
heat  release  processes  themselves  are  stabilizing  for  these  modes. 

The  other  two  modes  predicted  to  be  always  simply  stable  in  the  initial 
analyses  have  in  common  that  they  consist  of  the  first  tangential  mode  com¬ 
bined  with  longitudinal  components  in  the  combustion  zone.  Figure  10  shows 
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the  solution  for  the  combined  first  tangential,  second  longitudinal  mode 
at  full  augmentation.  Through-flow  has  a  stabilizing  effect  on  these 
modes,  and  unsteady  heat  release  excites  them.  These  two  modes  are  stable, 
while  the  simple  first  tangential  is  unstable,  because  the  longitudinal  com¬ 
ponent  of  their  mode  shapes  causes  the  pressure  oscillation  amplitude  level 
to  be  low  in  the  region  of  high  steady  heat  release,  just  downstream  of  the 
flame-front.  Unstable  Mode  4  has  an  oscillation  amplitude  peak  just  down¬ 
stream  of  the  flame-front;  stable  Modes  5  and  6  have  their  lowest  amplitude 
levels  in  this  region.  Figure  II  gives  a  picture  of  the  mode  shape  of  the 
stable  Mode  6. 


MODES  PREDICTED  TO  BE  UNSTABLE  IN  THE  DUCTBURNER  SOLUTIONS 

Three  modes  ure  predicted  to  be  unstable  in  the  ductburner  solutions 
and  stable  in  the  afterburner  solutions:  the  two  radial  monies  and  the 
third  tangential  mode.  The  two  radial  modes  are  different  only  in  the 
presence  of  a  higher  order  longitudinal  component  in  the  second  of  the  two. 
Figure  12  displays  the  solution  for  the  radial  mode  with  no  longitudinal 
component  downstream  of  the  flame-front.  The  ductburner  solution  has  a 
frequency  above  2400  Hz  and  a  decrement  which  barely  becomes  negative. 

The  afterburner  solution  has  a  frequency  below  1 000  Hz  and  a  positive 
decrement  of  about  0.3.  The  large  difference  in  predicted  frequencies  be¬ 
tween  the  two  solutions  is  straightforwardly  a  consequence  of  the  assump¬ 
tions  made  for  the  ductburner:  specifically,  it  is  assumed  that  the  inter¬ 
face  between  the  core  and  fan  streams  is  acoustically  perfectly  reflective. 
Thus,  in  the  ductburner  solutions  the  radial  wavelength  is  roughly  the  an¬ 
nulus  height  of  the  fan  stream;  in  the  afterburner  solutions  the  wavelength 
is  roughly  the  outer  radius. 

The  large  changes  in  the  frequencies  from  the  acoustic  to  the  refined 
solutions  result  from  through-flow  effects.  In  particular,  the  fact  that 
Mode  10  has  a  lower  frequency  than  the  simpler  Mode  9  is  a  consequence  of 
the  through-flow  terms.  This  discrepancy  suggests  that  the  failure  to  con¬ 
sider  higher  order  Mach  number  terms  results  in  an  erroneous  recalculation 
of  the  frequencies  with  through-flow  when  the  Mach  number  reaches  the  levels 
of  the  TF-30-P! ,  namely  0.75. 

The  fact  that  no  oscillations  were  observed  in  the  frequency  range  of 
2500  Hz  licenses  a  rejection  of  the  ductburner  solutions--  at  least,  those 
solutions  for  the  radial  modes  in  which  the  interface  stream  surface  is  as¬ 
sumed  to  be  perfectly  acoustically  reflective.  Why  the  ductburner  radial 
modes  are  unstable  and  the  afterburner  radial  modes  are  not  nonetheless 
requires  some  comment.  The  ductburner  predictions  of  instability  are  much 
more  pronounced  when  the  liner,  which  is  tuned  to  a  frequency  a  little  be¬ 
low  2000  Hz,  is  assumed  to  be  blocked.  Since  the  liner  has  little  effect 
on  the  1000  Hz  "afterburner"  radial  mode,  the  difference  in  their  predicted 
stability  characteristics  is  greater  than  that  shown  in  Figure  12  when  the 
liner  is  blocked.  Most  of  the  difference  in  the  decrement  plots  of  Figure 
12  results  from  contrasting  effects  of  through-flow.  These  effects  are 
calculated  to  be  stabilizing  in  both  the  afterburner  and  the  ductburner 
solutions,  but  the  magnitude  of  the  effect  is  much  larger  in  the  former. 
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The  difference  in  the  through-flow  effects  is  primarily  a  consequence  of 
the  high  frequency  in  the  ductburner  solutions,  with  its  resultant  shorter 
wave  lengths  being  less  affected  by  through-flow. 

The  third  tangential  mode  is  calculated  to  be  unstable  in  the  duct- 
burner  solution  and  stable  in  the  afterburner  solution.  Figure  13  shows 
the  solutions  for  this  mode  at  full  augmentation.  The  difference  in  the 
decrement  plots  of  Figure  13  arises  primarily  from  the  much  larger  amount 
of  energy  supplied  to  the  pressure  oscillation  by  unsteady  heat  release 
in  the  ductburner  solution.  This,  in  turn,  results  from  the  fact  that  the 
ductburner  solution  has  a  pressure  oscillation  amplitude  peak  in  the  re¬ 
gion  o  highest  heat  release  just  downstream  of  the  flame-front;  the  after¬ 
burner  solution  has  its  peak  two-thirds  of  the  way  downstream  toward  the 
nozzle. 


MODES  PREDICTED  TO  BE  UNSTABLE  IN  THE 
AFTERBURNER  SOLUTIONS 

Two  modes  were  predicted  to  be  unstable  in  the  afterburner  solutions 
and  stable  in  the  ductburner  solutions,  namely  the  first  and  second  tan¬ 
gential  modes.  The  second  tangential  mode,  with  a  frequency  slightly 
above  700  Hz,  was  calculated  to  be  unstable  at  full  augmentation,  but 
stable  at  such  lesser  operating  conditions  as  Z8MAX.  Figure  14  shows  the 
afterburner  and  the  ductburner  solutions  for  this  mode. 

Three  features  of  the  solution  for  the  second  tangential  mode  require 
comment.  First,  the  afterburner  solution  is  predicted  to  be  unstable  at 
Z5  and  stable  at  Z8MAX  for  two  reasons:  the  through-flow  is  more  stabiliz¬ 
ing  with  the  latter  zone  combination,  and  the  unsteady  heat  release  is  cal¬ 
culated  to  contribute  much  more  energy  with  the  former  zone  combination. 

The  second  significant  point  is  that  in  the  ductburner  solutions  unsteady 
heat  release  is  calculated  to  have  a  damping,  not  a  driving  effect,  largely 
because  of  the  longitudinal  variation  of  the  amplitude  in  the  combustion 
chamber.  Finally,  the  unstable  decrement  level  for  the  second  tangential 
mode  is  not  severe  compared  to  that  of  the  first  tangential  mode,  to  be 
discussed  below.  Indeed,  the  input  modifications  made  to  gain  good  corre¬ 
lation  between  analysis  and  experiment  for  the  first  tangential  mode  suf¬ 
fice  to  make  this  second  tangential  mode  stable  in  all  solutions  with  all 
zone  combinations.  That  is,  subsequent  refinement  of  the  input,  as  dis¬ 
cussed  bolow,  resulted  in  eliminating  the  prediction  that  Mode  7  is  un - 
stable  at  maximum  augmentation. 

The  major  predicted  instability  occurs  in  the  first  tangential  mode 
as  calculated  in  the  afterburner  solution,  and  the  predicted  frequency 
corresponds  well  with  that  observed  in  the  tests  (i.e.,  roughly  380  Hz). 
Figures  15  and  16  show  the  instability  solutions  for  this  mode  at  full 
augmentation  and  at  Z8MAX  respectively.  The  decrement  levels  are  sub¬ 
stantially  negative,  with  no  indication  of  an  equilibrium  amplitude  level 
below  30  per  cent.  Comparison  of  Figures  15  and  16  indicates  that  in  the 
initial  analyses  the  first  tangential  mode  is  predicted  to  be  more  un¬ 
stable--  in  the  sense  that  the  mode  will  grow  more  rapidly--  in  the  case 
of  maximum  augmentation.  Examination  of  the  computer  output  indicates 
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that  at  Z 5  the  through-flow  effect  drives  rather  than  damps  the  mode,  as 
at  Z8MAX,  Also,  much  more  energy  is  calculated  to  be  supplied  by  unsteady 
heat  release  at  IS. 

The  fact  that  the  first  tangential  mode  is  predicted  to  be  unstable 
in  the  afterburner  solutions  and  stable  in  the  ductburner  solutions  is 
important  below.  The  large  difference  in  the  decrement  levels  calculated 
in  the  two  types  of  solution  results  mostly  from  the  stabilizing  effect 
unsteady  heat  release  is  calculated  to  have  in  the  ductburner  solutions. 

In  part,  this  latter  difference  stems  from  the  calculated  mode  shapes  of 
the  mode,  as  shown  in  Figure  17.  The  peak  amplitude  in  the  mode  shape  in 
the  afterburner  solution  occurs  just  downstream  of  the  flame-front,  while 
that  in  the  ductburner  solution  occurs  almost  midway  to  the  nozzle. 


COMPARISON  OF  PREDICTED  AND  OBSERVED  AUGMENTOR 
INSTABILITIES 

In  summary,  comparison  of  initial  predictions  with  observations  in¬ 
dicates  one  mode  with  sufficient  agreement  to  serve  as  a  basis  for  further 
studies.  The  principal  unstable  mode,  as  calculated  by  the  afterburner 
solutions,  is  the  first  tangential  mode.  Its  calculated  frequency  of 
roughly  380  Hz  compares  well  with  the  observed  frequency  of  385  Hz.  How¬ 
ever,  the  initial  analyses  predict  higher  amplitudes  than  were  observed, 
and  they  predict  that  the  instability  will  be  worse  during  maximum  aug¬ 
mentation  while,  in  fact,  the  instability  is  significant  only  during  Z8MAX 
operation.  These  points  of  comparison  will  be  discussed  in  more  detail 
below. 

First,  however,  it  is  necessary  to  extract  some  major  conclusions  from 
the  simple  comparison  of  predictions  with  observations.  The  most  significant 
conclusion  is  to  reject  the  ductburner  solutions  at  least  for  transverse 
modes  of  instability  in  mixed-flow  augmentors.  The  ductburner  solutions 
failed  to  give  any  indication  of  an  instability  in  the  385  Hz  frequency 
range  which  was  observed.  Moreover,  those  transverse  instabilities  which 
were  predicted  in  the  ductburner  solutions  did  not  appear  at  all  in  the 
test  results.  No  indication  of  higher  oscillatory  activity  was  noticed 
above  600  Hz,  In  rejecting  the  ductburner  solution--  and  in  accepting 
the  afterburner  solution--  for  transverse  modes  in  mixed-flow  augmentors, 
no  additional  conclusions  should  be  drawn  on  the  proper  solution  for 
longitudinal  modes.  Experimental  data  were  not  sufficient  to  compare  the 
two  types  of  solution  for  longitudinal  modes. 

The  initial  analyses  gave  no  indication  of  which  augmentor  duct 
acoustic  mode  is  being  excited  in  the  180  Hz  range.  The  fact  that  some 
augmentor  mode--  presumably  longitudinal--  is  involved  in  this  oscillatory 
activity  seems  obvious.  However,  the  test  data,  as  discussed  in  an  earlier 
section  of  the  report,  suggest  that  whatever  mode  is  involved  in  the  180 
Hz  oscillation,  the  source  of  the  excitation  energy  is  not  unsteady  com¬ 
bustion.  In  other  words,  this  oscillation  does  not  appear  to  be  an 
instance  of  combustion  instability.  Various  suggestions  have  been  made 
as  to  the  source  of  the  excitation--  e.g. ,  vortex  shedding  from  the  fan 
discharge  vanes  or  from  the  f lameholders.  However,  since  it  was  felt 
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not  to  be  a  combustion  instability,  this  oscillatory  component  was  re¬ 
searched  no  further  in  this  program.  Presumably  additional  analyses  of 
the  augmentor  acoust i cs  wi th  through-flow  (and  without  unsteady  heat  re¬ 
lease)  should  at  least  indicate  which  duct  mode  is  being  excited,  but  such 
analyses  were  not  undertaken  in  the  current  effort. 

Restricting  attention  to  the  afterburner  solutions,  which  predicted 
instabilities  in  the  first  and  second  tangential  modes,  does  not  eliminate 
all  problems  since  no  oscillation  was  observed  in  the  700  Hz  range  of  the 
second  tangential  mode.  As  remarked  above,  the  second  tangential  mode  is 
less  unstable  than  the  first.  Since  the  predictions  above  represent  a  very 
naive  view  of  the  input  to  NREC ' s  model,  the  fact  that  the  second  tangen¬ 
tial  mode  was  initially  predicted  to  be  unstable  should  not  be  considered 
a  problem  at  this  stage.  Indeed,  as  will  be  seen  below,  input  which  better 
correlates  the  first  tangential  mode  also  eliminates  the  erroneous  predic- 
tion  of  instability  in  the  second  tangential. 


COMPARISON  OF  PREDICTED  AND  OBSERVED  INSTABILITY  FREQUENCY 

The  remarkably  close  agreement  between  the  observed  instability  fre¬ 
quency  and  that  predicted  by  the  afterburner  type  solution  is,  of  course 
very  encouraging.  This  agreement  is  all  the  more  notable  when  it  is  re-’ 
called  that  the  purely  acoustic  frequency  of  this  mode  is  calculated  to  be 
nearly  450  Hz.  The  73  Hz  reduction  in  the  calculated  frequency  results 
from  through-flow  and  unsteady  heat  release  effects,  with  the  former  ac¬ 
counting  for  roughly  60  per  cent  of  the  reduction. 


The  observed  oscillation  showed  some  variation  in  peak  frequency  from 
one  uel  zone  combination  to  another.  In  the  more  high  temperature  operat¬ 
ing  conditions,  Z5  and  Z6,  the  observed  frequency  was  roughly  10  Hz  higher 
than  that  observed  in  Z8MAX ,  but  in  some  tests  this  marginal  decrease  in 
frequency  with  Z8MAX  was  not  noted.  The  analyses  showed  only  a  2  or  3  Hz 
variation  in  frequency  from  one  zone  combination  to  another  when  the  os¬ 
cillation  amplitude  was  assumed  to  be  about  10  per  cent. 


The  main  issue  in  deciding  how  to  model  mixed-flow  augmentors  concerns 
the  acoustics  of  the  duct.  Frequency  is  the  best  parameter  to  use  to  iudqe 
t  e  acoustics  question.  Other  mixed-flow  augmentor  modelling  questions  — 
such  as  mixing  between  streams,  velocity  interactions  between  streams,  and 
interactions  between  the  combustion  processes  in  the  two  streams—  cannot 
be  answered  at  all  by  comparing  frequencies.  The  close  agreement  in  pre¬ 
dicted  and  observed  frequency,  however,  does  support  the  conclusion  that 
tangential  modes  in  mixed-flow  augmentors  resemble  tangential  modes  in  con¬ 
ventional  cylindrical  afterburners. 


COMPARISON  OF  PREDICTED  AND  OBSERVED  INSTABILITY  AMPLITUDE 

The  basic  analyses  of  the  TF-jO-PI  augmentor  did  not  explicitly  make 
any  assumption  regarding  engine  inlet  temperature  or  augmentor  inlet  tem- 
perature.  The  latter  quantity  physically  governs  the  fraction  of  the  fuel 
which  is  vaporized  upstream  of  the  flame-front.  In  the  basic  analysis  it 
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wa>  simply  assumed  that  droplet  evaporation  and  burning  occupies  90  per 
cent  of  the  time  required  for  combustion  of  a  fluid  particle.  Thus  the 
predicted  amplitude  levels  cannot  readily  be  compared  to  the  levels  ob¬ 
served  without  a  more  detailed  account  of  the  augmentor  inlet  conditions 
assumed  in  the  analyses. 

The  amplitude  levels  predicted  for  the  380  Hz  instability  are  quite 
large--  well  above  the  0.25  peak-to-mean  level  at  which  NREC's  model  has 
ceased  to  be  applicable  because  of  lack  of  treatment  of  shock  losses. 

The  observed  amplitude  levels,  except  for  the  cold  day  tests,  were  less 
than  0.10.  Only  on  a  cold  day  were  amplitude  levels  observed  comparable 
to  those  predicted  in  the  basic  instability  analyses.  The  comparison  of 
amplitudes  thus  poses  a  problem  since  the  augmentor  instability  model  was 
primarily  aimed  at  evaluation  of  sustained  amplitude  levels  in  the  5  to 
15  per  cent  regime.  The  crux  of  the  problem  is  a  more  detailed  treatment 
of  the  effects  of  inlet  temperature  on  the  various  unsteady  combustion 
input  parameters.  A  thorough  examination  of  augmentor  inlet  temperature 
effects  is  a  major  part  of  Task  II,  and  is  hence  postponed  for  the  moment. 


COMPARISON  OF  PREDICTED  AND  OBSERVED  SENSITIVITY  TO  FUEL 
ZONE  COMBINATIONS 


The  initial  afterburner  solutions  predicted  that  the  first  tangential 
mode  is  unstable  for  al  1  fuel  zone  combinations  examined  except  Z7.  More¬ 
over,  the  worst  condition,  in  terms  of  the  magnitude  of  the  negative  decre¬ 
ment,  is  Z5,  and  the  least  severe  unstable  condition  is  Z8MAX .  The  augmen¬ 
tor  tests,  however,  indicate  that  the  385  Hz  instability  is  pecul iarly  sen¬ 
sitive  to  Z8MAX.  Amplitude  levels  in  other  fuel  zone  combinations  were 
consistently  small  compared  to  those  observed  during  Z8MAX.  Thus  the  ini¬ 
tially  predicted  sensitivity  to  fuel  zone  combinations  is  directly  at 
variance  with  observations.  This  descrepancy  is  particularly  noteworthy 
since  the  initial  analyses  predict  that  the  TF-30-P1  augmentor  is  unstable 
during  normal  operation--  it  is  not--  and  that  eliminating  Zones  2  and  5 
attenuate  the  instability--  in  fact,  only  by  eliminating  these  zones  does 
the  oscillation  become  severe.  Thus  even  on  qualitative  grounds  the  initial 
predictions  conflict  with  the  observed  sensitivity  to  fuel  zone  combinations, 


The  initial  analyses  took  a  very  simple  view  of  the  TF-30-PI  augmentor. 
In  particular,  the  fact  that  the  different  zones  have  different  combustion 
characteristics  was  ignored.  The  discrepancy  between  predicted  and  ob¬ 
served  effects  of  fuel  zoning  raises  a  basic  issue.  How  should  zoned  aua- 
mgn  tors  be  represented  within  NREC's  instability  modeT?  Fh  i  s  i  s7F~wal~ 
given  a  distinctive  interpretation  in  the  investigation  reported  below; 
what  refinements  of  the  input  will  most  plausibly  yield  good  agreement 
on  the  relative  effects  of  the  different  fuel  zone  combinations.  The 
problem  is  thus  one  of  constructing  a  plausible  correlation  of  analysis 
and  ex  per  iment. 


CORRELATION  OF  OBSERVED  AND  PREDICTED  FUEL  ZONE  EFFECTS 

The  objective  is  to  correlate  the  calculated  and  the  observed  sensitivity 
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to  fuel  zone  combinations  by  means  of  suitable  refinements  of  the  inputs 
used  in  the  instability  analyses.  As  discussed  in  Appendix  V,  various 
physical  parameters  obviously  depend  on  the  fuel  zones  in  operation: 

1.  The  temperature  rise  and  hence  the  sonic  velocity  rise  in  the 
combustion  chamber. 

2.  The  through-flow  velocity  distribution  in  the  augmentor. 

3.  The  spatial  relation  of  the  steady  heat  release  to  the  pressure 
osci I lat ion  mode. 

4.  The  average  quality  of  the  fuel  at  the  flame-front. 

The  first  of  these,  the  sonic  velocity  increase  in  the  combustion  chamber 
causes  the  first  tangential  mode  shape  to  be  slightly  different  from  one 
fuel  zone  combination  to  another.  Close  inspection  of  these  differences 
however,  indicate  that  they  are  of  little  significance  in  determining  ’ 
which  fuel  zone  combination  supplies  the  most  energy  to  the  pressure  os¬ 
cillation.  The  other  three  physical  effects  of  different  fuel  zones  being 
in  operation  are  discussed  separately  below. 


THE  EFFECTS  OF  AVAILABLE  COMBUSTION  DRIVING  ENERGY 

The  gross  chemical  energy  level  at  which  the  augmentor  operates  cor¬ 
responds  essentially  with  the  augmentor  fuel  flow  rate  (below  stoichio¬ 
metric  conditions).  The  energy  available  to  drive  any  particular  acoustic 
mode,  however,  depends  additionally  on  the  distribution  of  the  fuel  (radially 
and  circumferentially)  relative  to  the  spatial  distribution  of  the  acoustic 
mode  in  question.  In  particular,  putting  more  fuel  into  regions  of  large 
pressure  oscillation  has  a  more  pronounced  effect  on  an  acoustic  mode  than 
putting  more  fuel  into  regions  of  low  pressure  oscillation.  In  mathematical 
terms  we  can  formalize  this  feature  of  the  available  driving  energy  by  means 
of  the  following  equation: 


AVAILABLE  DRIVING  ENERGY  =  ff  ' t  £  0) 

where  F*.  is  the  radi_al  component  of  the  mode  shape,  is  the  circumferen¬ 
tial  component,  and  £  ,  a  function  of  /l  and  ©,  is  the  mean  energy  content 
per  unit  mass  of  the  fluid  at  the  flame-front.  Here  the  available  driving 
energy,  A.D.E.,  is  defined  specifically  with  reference  to  an  acoustic  mode 
and  to  a  mean  or  steady  fuel  distribution. 

The  question,  then,  is  how  do  the  various  fuel  zone  combinations  affect 
the  available  driving  energy  for  the  first  tangential  mode  of  the  TF-30-PI 
augmentor.  The  table  below  summarizes  the  answer  to  this  question,  the  de¬ 
tails  of  which  can  be  found  in  Appendix  V. 
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Zone 

nbi nati on 

Zones  in 

Total  Auqmentor 

Ava  i  1 

1  abl e  D r i vi nq 

Fuel  Flow 

Eneri 

3y  for  Mode  4 

Operation 

( 1 bm/hr) 

ns 

'sec^  x  105) 

Z4 

1,2, 3, k 

27,000 

69.5 

Z5 

1,2, 3, 4, 5 

32,000 

107.8 

Z6 

1 .3,4,5 

33,000 

103.5 

n 

1,3 

1 2,000 

10.2 

Z8MAX 

1,3,4 

21,000 

40.6 

The  higher  total  fuel  flow  in  Z6  than  in  Z5  is  caused  by  the  TF-30-PI 
fuel  control  system  when  Zone  2  is  blocked. 


The  available  driving  energy  for  the  first  tangential  mode  thus  de¬ 
creases  from  Z5  to  Z6,  Z4,  Z8MAX ,  and  finally  Z7.  This  sequence  is  the 
-ame  as  that  of  the  predicted  negative  decrement  values.  In  other  words, 
the  changes  in  the  available  driving  energy  correlate  with  the  initially’ 
predicted  severity  of  the  instability. 


The  question  is:  Can  plausible  modifications  of  the  radial  distribu¬ 
tion  oft  lead  to  Z8MAX  having  more  available  driving  energy  than  the  other 
uel  zone  combinations?  If  it  can,  then  the  originally  predicted  sensitivity 
to  fuel  zone  combinations  can  be  accounted  for  in  terms  of  erroneous  assump- 

f“el  distr!b“tion  at  the  flame-front.  A  quick  glance  at  the 
preceding  table,  however,  indicates  that  no  such  plausible  modification  can 

,  fUel  distributions  may  be  somewhat  in  error,  but  not  so 
much  that  Z8HsX  can  have  more  available  d ri ving  energy  than  Z5  or  Z6.  The 
answer  to  the  fuel  zone  sensitivity  problem  must  be  found  elsewhere.*  The 
differences  in  the  available  driving  energy,  rather  than  solving  the  problem 
indicate  how  difficult  the  sol ut i on  wi I  1  be.  ’ 


THE  EFFECTS  OF  THROUGH-FLOW  VELOCITY 

Different  features  of  the  through-flow  velocity  distribution  in  the 
combustion  chamber  have  different  effects.  In  particular,  higher  accelera¬ 
tion  rates  in  the  combustion  chamber  theoretically  stabilize,  but  higher 
average  ve loci  ties  in  the  combustion  chamber  fend  to  drive  tangential  modes. 
These  theoretical  trends  must  be  viewed  with  caution,  however,  since  they 
are  derived  by  ignoring  higher  order  Mach  number  terms--  i.e  thev  assuL 
low  Mach  number  levels.  The  TF-30-PI.  at  least  at  high  le^U  of  aV»«n- 
3 1 1 °n  has  high  Mach  number  levels.  Thus  the  manner  in  which  NREC's  model 

^rough-flow  ejects  may  be  suspect  for  such  high  augmentation 
levels  as  Z4,  Z5,  and  Z 6. 

The  different  through-flow  velocity  distributions  with  different  fuel- 
zone  combinations  are  described  in  Appendix  V.  The  consequences  of  these 
different  distributions  are  indicated  in  the  table  on  the  following  page. 


Fuel  Zone 
omb i nat i on 

Mach  No.  at 
Nozzle  Inlet 

Decrement 
from  Throuah-flow 

Decrement  w/o 
Unsteady  Combustion 

Z4 

0.72 

+0.04 

0.05 

Z5 

0.82 

-0.08 

-0.02 

Z6 

0.78 

-0.12 

-0.02 

17 

0.46 

+0.20 

0.28 

Z8MAX 

0.63 

+0.13 

0.12 

The  main  point  of  this  table  is  that  through-flow  excites  the  first  tan¬ 
gential  mode  during  Z5  and  Z6;  damps  the  mode  during  Z7  and  Z8MAX ;  and 
has  little  net  effect  on  the  mode  during  Z4.  Indeed,  the  right-hand 
column  indicates  that  the  first  tangential  mode  is  predicted  to  be  un¬ 
stable  even  when  unsteady  combustion  effects  are  entirely  ignored. 

It  is  at  least  plausible  that  the  initial  erroneous  prediction  that 
Z5  is  the  worst  operating  condition  results  from  an  erroneous  estimate 
of  the  through-flow  effects  at  Z5.  The  claim  would  be  that  NREC's  model 
ignores  flow  terms  of  higher  order  than  Mach  number  squared;  but  in  the 
TF-30-P1  such  higher  terms  need  to  be  taken  into  account.  The  correctness 
of  this  claim  is  difficult  to  decide  without  a  more  powerful  analysis  of 
the  through-flow  effects.  Since  revisions  of  the  model  to  account  for 
higher  order  flow  terms  was  far  outside  the  scope  of  the  contracted  effort, 
this  possible  explanation  of  the  fuel  zone  combination  sensitivity  was 
examined  no  further.  It  remains  a  hypothesis  for  future  investigations. 


THE  EFFECTS  OF  FUEL  QUALITY 

The  fuel  supplied  by  the  five  fuel  zones  of  the  TF-30-PI  does  not 
vaporize  at  a  uniform  rate.  Three  vaporization  characteristics  can  be 
d  i  st i ngu i shed : 

1.  The  fuel  from  Zone  2  is  pre-vapor ized  prior  to  injection  into 
the  fan  stream. 

2.  The  liquid  fuel  from  Zones  1  and  5  is  injected  into  the  hot  core 
stream  and  vaporizes  quite  rapidly. 

3.  The  liquid  fuel  from  Zones  3  and  4  is  injected  into  the  cold  fan 
stream  and  vaporizes  more  slowly. 

In  the  initial  analyses  of  the  TF-30-P1  augmentor,  droplet  vaporization 
and  burning  mechanisms  were  the  only  coupl i ng  mechanisms  taken  into 
account.  These  necessarily  are  very  sensitive  to  the  rate  of  vaporiza¬ 
tion  of  the  fuel.  NREC's  model,  however,  can  recognize  only  a  single 
rate  across  the  entire  face  of  the  augmentor.  Thus,  in  the  case  of  a 
zoned  augmentor  it  is  necessary  to  specify  a  single  vaporization  charac¬ 
teristic  which  represents  an  "average"  over  the  various  zones.  The 
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question  of  how  to  define  this  average  occupies  the  remainder  of  this  sec¬ 
tion  of  the  report.  The  background  of  the  question  will  be  reviewed  first, 
then  the  question  will  be  resolved. 


NREC's 


instability  model  has  been  developed  in  terms  of  two  key  com- 


bust  ion  parameters;  £  ,  the  chemical  energy  content  (per  unit  mass)  of 
the  fluid  at  the  flame-front;  and  V  ,  the  characteristic  time  required 
for  combustion.  How  these  parameters  fit  into  the  over-all  model  is  dis- 
and  r  ar^  !?  APP«ndix  Vl'!*  Suffice  it  to  say  here  that  while  £ 

from  stlndlr^aMo  tjrp>eta^l?>  theV  cannot  simply  be  assigned  values 

to  SfSrl1:-  Proper^  igped^penirts 

in  particular,  £  f 


f  •  f.  (t 

£  h  1  f  •  a  ) 


x'=  4  /£■'  a!) 

f  Tr  [  P  ,  JZ  ) 


(2) 


r  ir  ( f 


f) 


T'aie’a'n  tory  component, b  of  £  and  rand  the  mean  component  of 

ThI  rh  1  th°?9ht  }°  be  sensitive  to  pressure  and  velocity  oscillations 

The  three  functions  indicated  define  the  effects  of  coupling  mechanisms  o^ 

droDlPi-T/  -L !??  Y  cand,dftes  for  coupling  mechanisms  in  augmentors  are 
droplet  atomization,  vaporization,  and  burning,  chemical  kinftics  and  tur¬ 
ret  ion^V  ^etc*  1  nstabj ! 1 **  modeI  wa*  not  formulated  to  include  such 
,  .  , ’  etc‘ >  specifically  because  it  was  felt  that  the  likelv 

coupling  mechanisms  are  not  amenable  to  a  theoretical  analysis. 

In  order  to  perform  calculations  with  NREC's  inctakii  Ik,  .  i 
specific  W.ions  must  de  chosen,  h*.™  “  ^  S*' 

the  n  t,a!  analyses  of  the  TF-30-PI  ,  NREC  assumed  a  Zry  stmpU  modef  of 

unc  IonsVaP°Trh2an0nrt0^rOVide’  35  !t  Were*  "°rki"9  bVPotheses  C  tLe 
tions.  The  fluctuating  component  of  B  was  defined  as  follows; 


^  ^  r  2.  if  F  J//\/j6ctor 


(3) 


where  0.  i s  the  fraction  of  the  fuel  remaining  in  droplet  form  at  th* 

r::'  Jr?,!1 •"  v.poriz,ti:„p'beeit'ee: : j.  t 

jectors  and  the  flame-front  takes  place  instantaneously  at  the  injectors) 
The  components  of  T  are  defined  as  follows:  injectors). 
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and 


f-  S,  13 


(4) 


where  Y4  is  the  "design"  characteristic  time—  the  time  without  fluid  os¬ 
cillations.  The  two  coefficients,  and  ,  vary  nonlinearly  with  the 
amplitude  of  the  pressure  oscillation  as  follows: 


(5) 


1.0  +  0,3  Red  1 

b 

!■  0  *  0.3  /?'*'*  j 

p'/f 

*/2. 

(6) 


where  Rj,j  is  the  droplet  Reynolds  number  based  on  the  sonic  velocity, 
and  b  is  the  fraction  of  the  design  time  not  taken  up  by  droplet  evapora¬ 
tion;  i.e., 


(7) 


where  1e  is  the  time  required  for  evaporation  without  pressure  oscilla¬ 
tions. 

Three  variables  must  accordingly  be  assigned  values  in  order  to 
compute  the  stability  of  the  TF-30-P!  augmentor:  d  ,  the  fraction  of 
the  fuel  remaining  in  droplet  form  at  the  flame-front;  b  ,  the  fraction 
of  the  design  time  not  taken  up  by  droplet  vaporization;  and  ,  the 
droplet  Reynolds  number  based  on  sonic  velocity.  All  three  of  these 
parameters  pertain  to  steady  or  mean  combustion. 

In  the  initial  analyses  of  the  TF-30-PI  these  variables  were  simply 
assigned  the  same  values  as  were  used  in  the  earlier  parametric  studies 
of  conventional  afterburners  (Ref  2).  The  fact  that  the  TF-30-P1  aug¬ 
mentor  is  zoned  was  simply  ignored,  and  the  values  were  thought  to  remain 
the  same  regardless  of  the  zone  combination  in  operation.  The  values  as¬ 
signed  were  as  follows: 

Cl  =  0.5 

b  =  0.1 

P*=  '°4 

The  results  described  above  were  computed  with  these  values  assumed  in 
all  solutions:  for  all  modes,  for  all  zone  combinations,  and  for 
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at  terburner  and  ductburner  models.  This  approach  is  obviously  faulty 
since  it  fails  to  recognize  the  gross  differences  in  the  fuel  vaporiza¬ 
tion  characteristics  from  zone  to  zone.  The  need  to  account  for  the 
effects  of  individual  zones  was  accordingly  hypothesized  to  be  the  source 

of  the  erroneous  prediction  that  Z5,  not  Z8MAX  would  produce  the  worst  in- 
s  tab i  l  i  ty . 

t^en  in  constructing  a  model  of  the  zoned  combus- 
t  on  of  the  TF-30-P1.  .  irst,  the  key  combustion  coefficients  were  de¬ 

fined  in  terms  of  weighted  averages  of  the  coefficients  of  each  zone.  That 
I  s , 


5-  (£, 

$  =<$  c> *•'  )/£ 
a  =  (f  a.'  >*?)/£ 


(8) 


where  the  superscript  ft  designates  a  zone,  and  &  is  the  combustion  co¬ 
efficient  of  that  zone  taken  individually;  i s  the  fuel  flow  rate  in 
the  zone.  Constructing  the  model  input  parameters  by  such  averaqinq 
should  always  be  the  rule  for  zoned  augmentors. 

,,  The  sec°nd  was  to  assign  values  to  a,  b,  and  in  each  zone. 

The  droplet  Reynolds  number  was  sti»l  assumed  to  be  10^,  and  the  other 
two  quantities  were  defined  as  follows  for  the  hot  day  tests: 


Zones  1,2,5 
Zones  3,  4 


0.  0 


0.6 


0.0 


0.9 


Hereit  was  assumed  that  the  zones  do  not  affect  one  another;  each  zone 
has  its  unique  combustion  properties  regardless  of  which  other  zones  are 

°P!r7fl^v*  W!th  th!Se  assumPtions  the  instability  model  predicts  that 
5  and  Z8MA,v  produce  the  same  level  of  instability  (the  same  value  of 
negative  decrement),  and  all  other  zone  combinations  are  less  severe. 

The  third  step  is  to  recognize  that  the  zones  do  affect  one  another. 
Consider  the  rate  of  vaporization  of  fuel  injected  in  Zones  3  and  4  into 
the  fan  stream.  If  only  Zones  3  and  4  are  in  operation,  their  fuel  will 
vaporize  quite  slowly.  The  introduction  of  Zone  I  increases  this  rate  to 
that  which  occurs  during  Z7  and  Z8MAX.  This  rate  further  increases  when 
ones  2  and/or  5  are  in  operation  since  they  heat  the  portion  of  the  fan 
stream  into  which  the  fuel  from  Zones  3  and  4  is  injected.  These  con¬ 
siderations  led  to  the  revised  values  of  b  for  Zones  3  and  4  which  are 
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tabulated  below  (for  hot-day  conditions): 


Z4,  Z5,  Z6  0.6 


17,  Z8  0.9 


The  point  of  the  diagrams  is  to  indicate  that  combustion  in  Zones  2  and  5 
accelerates  the  rate  of  vaporization  in  Zones  3  and  4  by  heating  the  fan 
stream  in  the  region  of  Zones  3  and  4. 

The  values  of  b  chosen  for  Zones  3  and  4  are  those  needed  to  achieve 
qualitative  agreement  with  the  observed  sensitivity  to  the  fuel  zone  com¬ 
binations.  That  is,  with  these  values  the  instability  solutions  of  the 
first  tangential  mode  indicate  the  instability  is  severe  with  Z8MAX  and 
is  either  markedly  less  severe  or  non-existent  with  the  other  zone  com¬ 
binations.  Figures  18  through  22  show  the  revised  instability  solutions 
for  the  first  tangential  mode  for  Z4,  Z5,  Z6,  Z7,  and  Z8MAX ,  respectively. 

The  results  shown  in  Figures  18  through  22  agree  only  qualitatively 
with  the  observed  fuel  zone  sensivity.  None  of  the  solutions  yields  a 
value  of  sustained  amp  I i tude .  I  n  the  tests  a  I  ow  level  sustained  amp  I i - 
tude  was  observed  in  zone  combinations  other  than  Z8MAX ,  while  that  in  the 
latter  combination  ranged  from  0,10  on  hot  days  to  0.37  on  cold  days.  To 
account  fully  for  the  observed  trends  it  is  necessary  for  the  model's  solu¬ 
tion  for  amplitude  to  be  improved.  This  effort  will  be  discussed  in  the 
next  section,  as  part,  of  the  parametric  studies.  Subject  to  the  provision 
that  all  the  decrement  curves  of  Figures  18  through  22  are  misshapen  fin 
that  they  don't  turn  back  toward  the  zero  decrement  axis),  the  revised 
treatment  of  the  TF-30-P1  zoned  configuration  is  considered  to  correlate 
with  the  observed  zone  combination  sensitivity. 

These  changes  to  the  input  procedures  for  the  TF-30-PI  augmentor  have 
an  additional  felicitous  consequence.  The  second  tangential  mode  was 
originally  calculated  to  be  unstable  at  full  augmentat  i  on.  Once  the  in¬ 
dividual  zones  are  treated  separately,  however,  and  interactions  among 
zones  are  taken  into  account,  this  mode  is  predicted  to  be  stable.  Figure 
23  shows  the  instability  solution  for  the  second  tangential  mode  with  the 
revised  Z5  unsteady  combustion  input.  The  fact  that  this  mode  is  now  pre¬ 
dicted  to  be  stable  removes  the  major  discrepancy  between  predicted  and 
observed  oscillation  frequencies  in  the  case  of  the  afterburner  solutions. 


CONCLUSIONS  OF  THE  BASIC  STUDIES 

Three  major  conclusions  were  reached--  two  about  NREC's  model  and 
about  the  TF-30-P1--  during  the  basic  studies: 
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one 


At  least  for  transverse  modes  the  cylindrical  afterburner  model 
should  be  used  to  calculate  the  stability  of  mixed-flow  augmen- 

tors.  No  conclusions  are  warranted  on  longitudinal  modes  at  this 
time. 


2. 


3. 


In  calculating  combustion  parameters  for  zoned  augmentors,  each 

!h°!6y  !  individually,  and  the  input  parameters 

should  be  obtained  by  averaging  over  the  zones  according  to  the 
amount  of  fuel  in  each.  |n  calculating  combustion  parameters 
for  the  individual  zones,  the  effects  of  other  zones  must  be 
taken  into  consideration;  the  individual  zones  should  not  be 
treated  as  if  they  are  isolated  from  one  another.  In  general 
the  basic  studies  of  the  TF-30-P1  suggest  that  more  accurate 
representations  of  the  steady  combustion  lead  to  more  accurate 
predictions  of  instability  trends. 

The  key  reason  for  the  observed  instability  becoming  significant 
only  ,n  Z8MAX  is  that  only  with  this  fuel  zone  combination  a^e 

anrf°  ^nd't'on%met:  th*  available  driving  energy  is  great  enough, 
and  the  rate  of  vaporization  of  the  liquid  fuel  in  Zones  3  and  h 
is  slow  enough.  This  insight  into  the  basis  for  the  observed  in¬ 
stability  is  of  course,  a  conjecture  deduced  from  the  analyses 
not  an  established  experimental  fact. 


CHAPTER  V 


PARAMETRIC  STUDY  OF  INSTABILITY  IN  THE  TF -30- P I  AUGMENTOR 

The  TF-30-PI  augmentor  tests  included  three  modifications  of  the 
norm  na  augmentor  in  order  to  examine  the  effects  of  design  changes  on 
augmentor  instability:  a 

1.  70  per  cent  of  the  perforated  screech  liner  was  blocked  off. 

2.  An  alternative  flameholder  was  used,  in  which  the  middle  vee- 
gutter  ring  is  9  inches  farther  downstream  than  that  of  the 
standard  flameholder. 

3.  AVGAS  was  used  in  the  augmentor  rather  than  JP-4. 

Instability  analyses  were  conducted  in  parallel  with  these  changes. 

Other  variables  worth  examining  parametrically  car  a  to  light  durinq 
the  test  program.  First,  engine  inlet  temperature  wa-.  noted  to  have  a 
dramatic  inverse  effect  on  the  instability  amplitude  sustained  during 
ZbMAX  operation.  Second,  the  core  stream  temperature  was  increased  to 
see  whether  it  too  would  reduce  the  amplitude  level  in  a  manner  analogous 
°  ? n  ,ncreased  engine  inlet  temperature.  Finally,  a  Z8MIN  condition  was 
Zone  4  566  sens,t,ve  the  instability  is  to  the  fuel  flow  rate  in 

Comparison  of  hot  and  cold  days  and  of  AVGAS  and  JP-4  revealed  more 

and3thl  ^hf^.p"°b,em  's  beblnd  the  poor  correlation  between  the  observed 
T  n  !V  pred,cted  sustained  amplitude  levels.  The  final  effort 
of  Task  II  was  devoted  to  an  examination  of  the  mechanisms  and  parameters 
which  govern  the  sustained  amplitude  level  of  the  385  Hz  instability  The 
Task  II  parametric  study  thus  included  four  sensitivity  investigations. 

1.  Sensitivity  to  Augmentor  Geometry  Modifications. 

2.  Sensitivity  to  Fuel  Type  and  Flow  Rate  Variations. 

3.  Sensitivity  to  Augmentor  Inlet  Temperature. 

4.  Factors  Governing  Sustained  Amplitude  Levels. 

These  four  are  discussed  in  separate  sections  below  after  review  of  the 
ground  rules  of  the  studies. 


GENERAL  RULES  FOR  THE  PARAMETRIC  STUDIES 

As  in  the  Task  I  basic  study  of  the  augmentor,  the  effort  in  the 
parametric  study  was  divided  into  two  parts:  first,  an  analysis  of  the 
modified  augmentor  s-rved  to  predict  the  oscillation  amplitude  and 
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frequency  changes;  the**;  predictions  were  then  compared  with  the  test  re¬ 
sults,  and  modifications  of  the  input  data  were  examined  in  pursuit  of 
better  agreement  between  calculated  and  observed  trends.  The  parametric 
study  concentrated  on  the  dominantly  unstable  first  tangential  mode. 

Typical  longitudinal  and  radial  modes  were  also  examined  to  see  if  engine 
modifications  were  predicted  to  affect  the  stability  of  these  modes. 

Since  the  afterburner  type  solution  was  established  to  provide  the  best 
approximation  of  the  mixed-flow  augmentor,  this  solution  alone  was  used 
in  treating  the  transverse  modes.  Input  was  prepared  with  recognition 
of  the  separate  fuel  zones  of  the  TF-30-P1 ,  as  described  in  the  preceding 
chapter.  In  particular,  all  unsteady  combustion  parameters  were  calcu¬ 
lated  by  averaging  over  the  zones,  and  the  coefficients  of  individual  zones 
were  calculated  initially  by  means  of  droplet  vaporization  formulas  as  pre¬ 
sented  in  the  preceding  chapter  (see  Appendix  VIII  for  a  full  discussion). 

The  correlation  between  analysis  and  experiment  in  the  parametric 
study  concentrated  initially  on  the  trends  which  result  from  engine  pa¬ 
rameter  modifications.  Efforts  to  correlate  the  absolute  levels  of  pre¬ 
dicted  and  observed  amplitude  were  postponed  until  the  final  stage  of 
the  parametric  study.  The  reasons  for  this  postponement  should  be  clearly 
understood.  Although  NREC  had  previously  examined  two  turbojet  after¬ 
burners,  the  TF-30-P1  provided  the  first  opportunity  to  check  instability 
predictions  against  thorough  test  data.  Since  NREC's  model  is  recognized 
to  require  experimental  development  of  coupling  mechanism  models,  the  study 
of  the  TF-30-P1  further  provided  the  first  opportunity  to  check  on  what 
sort  of  coupling  mechanism  models  are  required  for  acceptable  amplitude 
predictions  in  the  case  of  current  augmentors.  Thus,  in  addition  to  the 
goal  of  checking  the  instability  model's  usefulness  in  eva I uat i ng  des i gn 
changes,  the  parametric  study  also  took  note  of  the  goal  of  a  better  in¬ 
sight  into  the  unsteady  combustion  mechanisms  which  govern  augmentor  i  n- 
stabi 1 i ty. 


SENSITIVITY  TO  AUGMENTOR  GEOMETRY  MODIFICATIONS 


Two  geometry  modifications  were  examined.  Neither  the  blocked  liner 
nor  the  alternate  flameholder  was  calculated  to  affect  the  stability 
characteristics  of  the  TF-30-PI.  This  predicted  lack  of  effect  compares 
favorably  with  experimental  evidence,  since  neither  of  the  geometry  changes 
appear  to  affect  the  observed  instability  frequency,  amplitudes,  and  sen¬ 
sitivity  to  fuel  zone  combinations.  Details  of  the  geometry  studies  are 
discussed  below. 


SENSITIVITY  TO  SCREECH  LINER  LENGTH 

Three  of  the  six  engine  tests  had  the  perforations  blocked  off  along 
the  upstream  70  per  cent  of  the  screech  liner.  In  analytical  terms  this 
represented  a  70  per  cent  reduction  of  the  screech  liner  length.  In  the 
nominal  configuration  the  screech  liner  is  33  inches  long,  6  inches  of 
which  extend  upstream  of  the  center  vee-gutter  ring.  The  liner  of  this 
engine  is  designed  for  maximum  absorption  at  a  frequency  near  2000  Hz, 
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and  the  blocking  of  the  perforations  did  not  alter  the  liner  frequency. 
The  details  of  the  liner  geometry  can  be  found  in  Appendix  III. 


In  the  NREC  analysis  the  screech  liner  is  represented  by  an  acoustic 
admittance  ratio  (a  complex  number,  the  real  part  of  which  pertains  to 
damping)  which  varies  with  oscillation  amplitude  and  frequency.  The 
acoustic  admittance  of  the  TF-30-P1  screech  liner  is  discussed  in  Appen¬ 
dix  III.  In  the  parametric  analyses  the  liner  modification  was  assumed 
to  make  the  outer  wall  perfectly  reflective  except  over  the  short  portion 
of  the  screech  liner  where  the  perforations  remained  unblocked. 

The  reduction  in  the  length  of  the  screech  liner  was  calculated  to 
have  no  effect  on  the  385  Hz  first  tangential  instability  (see  Figure  24). 
The  frequency  of  the  instability  was  changed  by  only  1.3  Hz,  and  the  dec¬ 
rement  was  decreased  by  only  0.06  for  a  10  per  cent  and  by  0.03  for  a  25 
per  cent  peak-to-mean  amplitude  level.  Given  the  high  amplitude  levels 
predicted  for  this  unstable  mode,  the  liner  was  found  to  have  no  effect  on 
the  self-sustaining  amplitude  and  only  a  slight  effect  on  the  threshold 
amplitude  (an  increase  of  I  per  cent). 

Tests  I,  8,  and  9  .:sed  the  partially  blocked  screech  liner,  and  Tests 
6,  7,  and  10  used  the  standard  liner.  Examination  of  the  amplitude  data 
shows  no  particular  trend  with  the  reduction  of  the  liner  length.  Some 
channels  have  a  lower  400  Hz  amplitude  with  the  complete  liner,  but  others 
have  a  larger  amplitude.  The  variation  from  test  to  test  is  similarly 
inconclusive.  Since  no  cold  day  tests  were  conducted  with  the  complete 
liner,  the  effect  of  reducing  the  liner  length  on  high  amplitude  oscilla¬ 
tions  was  not  determined. 

In  summary,  the  TF-30-P1  liner  turns  out  to  be  irrelevant  to  the 
oscillations  which  were  successfully  sustained  in  the  augmentor.  Future 
studies  will  be  needed  to  determi ne  how  wel  1  NREC's  i ns tabi I i ty  mode  I 
accounts  for  changes  in  screech  liner  design. 


SENSITIVITY  TO  FLAMEH0LDER  MODIFICATIONS 

The  alternate  flameholder,  tested  in  Tests  7  and  8,  differs  in  two 
ways  from  the  standard  TF-30-PI  flameholder: 

1.  The  outer  vee-gutter  ring  is  perforated  in  such  a  way  as  to  in¬ 
troduce  a  small  component  of  swirl  around  its  circumference. 

2.  The  central  vee-gutter  ring  is  roughly  9  inches  farther  down¬ 
stream  than  in  the  standard  vee-gutter: 

Both  flameholders  use  the  same  size  vee-gutter  elements  and  the  same  num¬ 
ber  of  radial  elements  between  rings. 
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NREC's  augmentor  instability  analysis  was  originally  developed  to 
permit  the  flameholder  to  be  accounted  for  in  three  ways:  in  terms  of 
the  flame-front  position,  of  the  flameholder  acoustic  impedance,  and  of 
the  vortex  shedding  from  the  vee-gutters.  To  date,  however,  no  techniques 
for  calculating  flameholder  impedance  and  vortex  shedding  inputs  have  been 
devised.  All  instability  calculations  to  date,  both  for  the  two  turbojet 
afterburners  and  for  the  TF-30-P1  augmentor,  have  ignored  the  flameholder 
geometry  except  insofar  as  it  governs  the  axial  position  of  the  flame-front. 

The  instability  analyses  positioned  the  flame-front,  rather  arbitrarily, 
midway  between  the  upstream  and  the  downstream  vee-gutter  rings.  The  con¬ 
sequence  is  that  the  modified  flameholder  produces  a  roughly  5  inch  down¬ 
stream  shift  of  the  flame-front  position.  This  change  in  the  input  affects 
both  the  acoustic  modes  and  the  instability  calculations.  Nevertheless,  the 
over-all  instability  characteristics  of  the  augmentor  were  calculated  to  be 
insensitive  to  this  shift  of  the  flame-front.  The  principal  unstable  mode 
has  a  relatively  flat  longitudinal  component,  so  that  no  effect  should  be 
anticipated.  The  longitudinal  and  radial  modes  examined  in  the  parametric 
study  incur  little  change  in  the  longitudinal  component--  less  change  than 
occurs  with  variation  of  fuel  zone  combinations. 

The  test  results  using  the  modified  flameholder  similarly  displayed  no 
effects  on  the  principal  unstable  mode.  Again  the  variations  in  the  data 
from  Test  I  to  Test  8  and  from  Test  6  to  Test  7  have  no  pattern,  and  hence 
are  more  likely  to  be  produced  by  other  differences  from  test  to  test.  The 
predicted  and  observed  trends  with  the  alternative  flameholder  thus  compare 
favorably,  but  this  fact  in  itself  is  inconclusive.  The  study  cannot  clarify 
how  important  a  more  thorough,  detailed  model  of  the  flameholder  is  to  the 
accurate  prediction  of  instabilities.  More  radical  changes  of  flameholder  de¬ 
sign  than  those  examined  in  the  current  program  will  doubtlessly  be  required 
if  sensitivities  to  flameholder  geometry  are  to  become  obtrusive. 


SENSITIVITY  TO  FUEL  TYPE  AND  FLOW  RATE  VARIATIONS 

NREC's  model  of  the  unsteady  heat  release  distribution  is  stated  in 
terms  of  four  parameters,  two  of  which  (density  and  convection  velocity) 
depend  only  on  fluid  flow  conditions,  but  the  other  two  of  which  (fa nd  T  ) 
depend  also  on  the  properties  and  the  distribution  of  the  fuel.  Since  £ 
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(the  eneryy  content  of  the  fluid)  and  T*  (the  characteristic  time  of  com¬ 
bustion)  are  the  parameters  which  are  least  susceptible  to  a  thorough 
theoretical  definition,  the  TF-30-P1  test  program  included  some  unusual 
variations  specifically  aimed  at  highlighting  the  effects  of  fuel  on  an 
instability.  The  various  zone  combinations  which  were  tested  have  al¬ 
ready  been  discussed  in  the  preceding  chapter.  Once  an  instability  was 
observed  with  full  fuel  flow  in  Zones  I,  3,  and  4  (i.e.,  during  Z8MAX) , 
data  were  also  recorded  with  Zone  4  barely  in  operation  (i.e.,  during 
Z8MIN)  to  see  how  sensitive  the  instability  is  to  the  Zone  4  fuel  flow 
rate.  Similarly,  the  presumption  that  droplet  vaporization  and  burning 
mechanisms  are  likely  to  be  significant  in  the  augmentation  of  fan 
streams  encouraged  examination  of  different  fuel  volatility.  The  engine 
was  tested  with  AVGAS  in  the  augmentor  to  see  how  a  more  volatile  fuel 
affects  the  observed  instability.  The  parametric  stud i es,descr i bed  be¬ 
low  parallel  these  two  test  variations.  In  general  terms,  the  analyses 
predict  that  negligible  oscillatory  activity  wifi  occur  in  the  augmentor 
during  Z8MIN  operation  and  during  all  operation  with  AVGAS.  The  ana¬ 
lytical  predictions  thus  correspond  precisely  to  the  results  observed  in 
the  tests. 


SENSITIVITY  TO  ZONE  4  FUEL  FLOW  RATE 

Since  the  400  Hz  oscillation  showed  a  significant  increase  in  ampli¬ 
tude  at  the  Z8MAX  condition  as  compared  to  the  Z7  condition,  an  interme¬ 
diate  fuel  zone  condition  was  tested.  The  Z8MIN  condition  has  less  fuel 
flow  than  the  Z8MAX  condition  in  each  fuel  zone.  Compared  to  the  17 
condition,  the  Z8MIN  has  92  per  cent  of  the  fuel  flow  in  Zones  I  and  3. 

The  analysis  of  the  Z8MIN  condition  involved  only  an  alternative 
radial  distribution  of  E  ,  the  mean  energy  content  of  the  fluid.  The 
other  parameters  affected  by  the  zoning—  the  sonic  velocity  rise  and 
the  axial  velocity  distribution —  do  not  differ  from  those  of  17  suf¬ 
ficiently  to  warrant  a  completely  separate  set  of  input  for  Z8MIN.  The 
analytical  results  for  Z8MIN  indicate  that  the  principal  tangential  mode 
is  simply  stable.  The  level  of  the  unsteady  combustion  driving  of  this 
mode  is  not  sufficient  to  overcome  the  damping  produced  by  through-flow 
effects  until  the  Zone  4  fuel  flow  rate  approaches  its  maximum  value. 

The  test  data  for  Z8MIN  generally  show  a  slight  increase  in  400  Hz 
oscillation  amplitude  over  that  of  17.  Typically,  Z8MIN  amplitudes  are 
a  factor  of  2  greater  than  those  of  17,  while  Z8MAX  amplitudes  are  a 
factor  of  4  greater  than  those  of  Z8MIN.  The  analysis  thus  compares 
well  with  the  test  results. 

The  study  of  the  Z8MIN  fuel  zone  combination  enhanced  the  under¬ 
standing  of  the  conditions  which  govern  the  385  Hz  instability  observed 
in  the  test  program.  The  analyses  indicate  that  three  conditions  must 
be  satisfied  for  this  instability  to  occur: 

I.  The  available  driving  energy  for  the  first  tangential  mode  must 
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be  sufficient  to  overcome  the  inherent  damping  of  the  mode  pro¬ 
duced  by  losses  at  the  nozzle  and,  at  some  operating  points,  by 
th rough- f 1 ow. 

2.  The  fuel  supplied  by  Zones  3  and  4  into  the  fan  stream  must  not 
be  completely  vaporized  upstream  of  the  flame-front. 

3.  The  rate  of  fuel  vaporization  downstream  of  the  flame-front  in 
Zones  3  and  4  must  not  exceed  some  limits  (the  exact  rate  of 
vaporization  at  which  the  instability  amplitude  becomes  negli¬ 
gible  cannot  be  defined  with  confidence  at  this  time). 

The  study  indicates  that  at  Z8MIN  the  available  driving  energy  for  the 
first  tangential  mode  is  not  sufficient  to  produce  an  instability. 

There  is  simply  not  enough  fuel  flow  to  drive  the  instability.  It  will 
later  be  seen  that  in  the  case  of  AVGAS  the  second  condition  is  not  sat¬ 
isfied.  In  the  preceding  chapter  it  was  noted  that  failure  to  satisfy 
the  third  condition  explains  why  the  instability  is  minor  during  Z4,  Z5, 
and  Z6  operation. 


SENSITIVITY  TO  AVGAS 

Tests  9  and  10  were  conducted  with  AVGAS  rather  than  JP-4.  Because 
of  fuel  pump  limitations,  the  Z5  and  Z6  conditions  could  not  be  tested 
with  AVGAS,  and  some  doubt  remains  whether  Z8MAX  was  fully  achieved, 
though  the  Z8MAX  fuel  flow  rates  are  essentially  the  same  as  with  JP-4. 
The  precise  question  in  the  study  of  AVGAS  is  what  effect  the  more  vola¬ 
tile  fuel  has  on  the  Z8MAX  sustained  oscillation.  In  the  tests,  as 
described  in  Chapter  III,  the  effect  was  to  eliminate  the  oscillation 
for  practical  purposes.  The  amplitude  level  never  exceeded  2  per  cent 
during  operation  with  AVGAS. 

The  comparative  volatilities  of  AVGAS  and  JP-4  are  discussed  in  de¬ 
tail  in  Appendix  IV.  They  differ  in  two  crucial  respects.  First,  for  a 
two  atmosphere  vapor  pressure  the  boiling  point  of  AVGAS  is  185  deg  F,  and 
that  of  JP-4  is  260  deg  F.  Second,  the  distillation  band  of  JP-4  is  much 
wider  than  that  of  AVGAS:  specifically  a  200  deg  F  temperature  rise  is 
required  to  go  from  10  per  cent  to  90  per  cent  distillation  of  JP-4,  while 
a  100  deg  F  rise  is  required  in  the  case  of  AVGAS.  In  other  words,  AVGAS 
begins  vaporizing  at  a  roughly  75  deg  F  lower  temperature,  and  it  is  com¬ 
pletely  vaporized  at  a  roughly  175  deg  F  lower  temperature  than  JP-4  when 
the  augmentor  is  operating  at  2  atmospheres. 

During  most  JP-4  tests  and  during  all  AVGAS  tests  "warm  day"  condi¬ 
tions  prevailed.  In  particular,  during  Tests  6  (with  JP-4)  and  10  (with 
AVGAS)  the  fan  discharge  temperature  for  Z8MAX  testing  was  210  deg  F. 

The  fan  stream  is  heated  by  convection  along  the  core  engine  length  and 
by  mixing  with  the  core  stream  in  the  region  immediately  upstream  of  the 
f lameholders.  It  was  accordingly  assumed  that  during  Tests  6  and  10  the 
vaporization  of  the  Zone  3  and  4  fuel  upstream  of  the  flame-front  is 
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govetned  by  a  roughly  300  deg  F  fluid  temperature.  At  this 
AVGAS  is  essentially  100  per  cent  vaporized  upstream  of  the 
and  JP-4  is  only  40  per  cent  vaporized. 


temperature 

flame-front, 


The  instability  analyses  for  AVGAS  therefore  assumed  a  value  of  0.05 
for  a  in  Equations  5  and  6  of  the  preceding  chapter,  so  that  Zones  3  and 
4  do  not  differ  markedly  from  Zones  I,  2,  and  5  when  AVGAS  is  used.  The 
results  of  the  analyses  for  Z8MAX  with  AVGAS  are  indicated  in  Figure  25. 
The  first  tangential  mode  is  predicted  to  be  simply  stable.  The  predic¬ 
tions  agree  with  the  data.  p 


The  experimental  and  analytical  comparison  of  JP-4  and  AVGAS  proved 
particularly  instructive  on  the  question  of  what  mechanism  governs  the 
3«5  Hz  instability.  Three  coupling  mechanisms  are  considered  likely  to 
govern  unsteady  combustion  in  augmentors:  turbulent  mixing,  chemical 
kinetics,  and  droplet  vaporization  (including  atomization  and  burning). 
Changing  from  JP-4  to  AVGAS  should  have  negligible  effects  on  turbulent 
mixing  and  on  chemical  kinetics.  The  only  mechanism  likely  to  be  affected 
is  droplet  vaporization  and  burning.  The  fact  that  both  the  experiments 
and  the  analyses  showed  a  dramatic  reduction  in  the  instability  when  AVGAS 
replaces  HP-4  is  persuasive  evidence  that  the  385  Hz  oscillation  depends 
on  droplet  mechanisms  for  its  driving  energy.  Substituting  AVGAS  for  JP-4 

ibn^^nnn^10^1  tur|5°jet  afterburner,  with  turbine  discharge  temperatures 
above  1000  deg  F,  would  not  be  expected  to  affect  instabilities.  But  since 
the  fan  discharge  temperature  is  in  the  distillation  range  of  AVGAS  and 
just  below  the  boiling  point  of  JP-4,  droplet  mechanisms  should  simply  be 
expected  to  play  a  large  role  in  the  TF-30-PI  fan  stream  augmentation. 


SENSITIVITY  TO  AUGMENTOR  INLET  TEMPERATURE 

SDrinoyofh|Q7?’  ^  ^  °f  T['3°"P1  tests  were  conducted  during  the  early 

para?ivelv  ?ow“'  ?h ll*  TT  th!  e"9i"e  in,et  temperature  was  com- 

p  ratively  low.  These  tests  were  conducted  with  the  objective  of  findinq 

some  opiating  condition  at  which  the  augmentor  becomes  unstable.  On 
that  cold  day  when  the  severe  oscillation  was  discovered  durinq  Z8MAX 
operation,  data  were  recorded.  These  data  were  largely  ignored  at  the 
time,  however,  since  the  engine  was  to  be  thoroughly  tested  again  with 
e  zone  combinations  examined  in  a  planned  sequence.  When  the  "official" 
testing  began  and  the  data  were  reduced,  the  level  of  instability  proved 
to  be  disappointingly  low.  Examination  of  the  cold  day  tests  revealed  a 
decrease  in  amplitude  level  from  roughly  ±10  psi  to  roughly  ±3  ps i  in 
going  from  cold  days  to  warm  days.  All  of  the  remaining  tests  were  con¬ 
ducted  during  the  summer.  An  effort  to  conduct  additional  cold  day  test¬ 
ing  during  the  late  fall  had  to  be  abandoned  following  an  engine  failure 
The  one  set  of  cold  day  results  thus  stand  alone,  unsupported  by  ad¬ 
ditional  test  data.  y 

Bff  °nCe  It  "*1  ,r®C^n!Zed  th3t  au9mentor  inlet  temperature  has  a  dramatic 
wh  ?h  the  17_30_pl  1  "Stability,  some  special  tests  were  conducted  to 
see  whether  an  increase  in  turbine  discharge  temperature  aftne  has  any 
ettect.  ' 
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Parametric  studies  were  conducted  of  both  the  fan  and  the  turbine  dis¬ 
charge  temperatures.  In  summary,  the  instabi I i ty  model  predicted  that 
lower  fan  discharge  temperature  would  intensify  the  first  tangential  in¬ 
stability,  but  that  higher  turbine  discharge  temperature  would  have  neg¬ 
ligible  effect  in  the  range  tested.  These  predictions  agree  qual i tat i vet v 
with  the  test  data.  Efforts  to  secure  a  more  quantitative  agreement,  in 
terms  of  the  amplitude  levels  sustained  on  cold  and  warm  days,  are  dis¬ 
cussed  later  in  the  chapter. 


SENSITIVITY  TO  HIGHER  TURBINE  DISCHARGE  TEMPERATURE 

The  special  tests  conducted  in  Tests  9  (with  AVGAS)  and  10  (with  JP-4) 
had  a  50  to  70  deg  F  increase  in  turbine  discharge  total  temperature-- 
e.g. ,  from  1180  to  1250  deg  F.  In  Test  9  with  AVGAS  a  roughly  5  per  cent 
increase  in  the  amplitude  level  of  the  358  Hz  oscillation  was  observed. 

The  test  with  JP-4  indicated  no  clear  trend  when  compared  with  the  com¬ 
parable  Z8MAX  run  of  Test  6.  A  slightly  more  pronounced  increase  of  the 
200  Hz  oscillation  was  observed  in  both  cases  with  the  higher  temperature. 

Increasing  the  turbine  discharge  temperature  would  appear  to  influence 
only  two  model  parameters.  The  Mach  number  in  the  combustion  chamber  is 
slightly  increased,  and  the  rate  of  vaporization  of  the  liquid  fuel  in 
Zones  3  and  4  is  somewhat  increased  because  of  greater  heating  of  the  fan 
stream  by  the  hotter  core  stream.  But  the  60  degree  temperature  increase 
actually  achieved  in  the  tests  is  simply  too  small  to  warrant  revisions  of 
the  parameter  values  in  question.  The  uncertainty  with  which  these  values 
are  known  exceeds  any  change  in  them  from  the  higher  turbine  discharge  tem¬ 
perature.  Thus  the  analytical  examination  of  this  engine  test  variation 
proved  inconclusive.  This  result  does  not  really  differ  from  that  of  the 
experimental  examination. 


SENSITIVITY  TO  REDUCED  FAN  DISCHARGE  TEMPERATURE 

As  remarked  in  connection  with  AVGAS,  the  fan  stream  temperatures  of 
the  TF-30-P1  tests  fall  quite  close  to  the  boiling  point  of  JP-4.  Since 
J P-4  has  a  wide  distillation  band,  variations  in  fan  discharge  temperature 
are  likely  to  produce  significant  variations  in  the  fraction  of  JP-4  from 
Zones  3  and  4  which  is  vaporized  upstream  of  the  flame-front.  Thus  on 
purely  heuristic  grounds  the  increase  in  oscillation  amplitude  from  10  to 
37  per  cent  on  cold  days  is  not  counterintuitive. 

The  cold  day  tests  have  a  fan  discharge  temperature  of  1 78  deg  F, 
which  i  s  25  deg  F  below  that  of  the  co  r  res  pond  i  ng  warm  day  tests.  Inthe 
parametric  analyses  the  fan  stream  temperature  at  the  flameholders  was 
assumed  to  be  270  deg  F  on  cold  days  and  300  deg  F  on  warm  days.  The  key 
parameter  which  changes  is  a,  the  fraction  of  the  fuel  remaining  in  drop¬ 
let  form  at  the  flame-front.  In  analyzing  the  warm  day  condition  60  per 
cent  of  the  fuel  from  Zones  3  and  4  was  assumed  to  be  unvaporized;  for 
analyzing  the  cold  day  condition,  the  value  of  a  for  Zones  3  and  4  was 
assumed  to  be  1.0.  The  latter  value  may  be  a  slight  exaggeration  since 
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the  boiling  point  of  JP-4  at  two  atmospheres  is  about  260  deg  F,  but  for 
purposes  of  the  parametric  studies  greater  accuracy  is  not  needed. 

DortinTnh;,inCrease  '?  theu  ,ic*uid  faction  of  Zones  3  and  4  produces  a  pro- 
'  ,,nCreaSe|'n  ®  osc',,atory  energy  produced  by  droplet  vapo^iza- 
a'd^tr^h'afl^ct^r  °f  NREC'S  the  C°efflcIentS  govern  ing 
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where  the  average  liquid  fraction,  a 
the  individual  zones: 
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A_r)/'rc':ease  'n  ct  thus  increases  the  amplitude  of  T‘/f,  but  its  effect  on 
£  /E  depends  on  the  comparative  importance  of  fluid  oscillations  at  the 
flame-front  and  at  the  fuel  injectors.  Since  r/P  is  usually  the  dominant 

dtcat^rhT"9  osci  1  latory  heat  release  rate,  the  above  equations  in- 
te  that  increasing  the  liquid  fraction  of  the  fuel  will  in  general 
produce  a  greater  oscillatory  heat  release  rate  for  a  given  pressure  os¬ 
cillation.  But  whether  the  oscillatory  heat  release  rate  drives  or  damps 
the  pressure  oscillation  depends  on  the  phase  lag  between  them.  Thus 
increasmg  the  liquid  fraction  does  not  necessarily  make  a  more  more  un- 
stab  e:  The  rest  of  the  NREC  model  is  needed  to  determine  whether  the 
resulting  intensification  of  the  heat  release  rate  oscillation  drives  or 
damps  each  mode. 

The  point  here  i  s  that  it  is  not  a  trivial  consequence  of  NREC's 
model  that  on  cold  days  the  TF-40-P!  is  predicted  to  have  a  more  severe 

r!d  rT!  rn  ^  °"  Warm  days-  As  Figure  26  shows-  the  modal  does 

predict  a  significantly  more  negative  decrement  on  cold  days.  The  results 

d  °W".  '  n  thf  f'gUre  are  for  Z8MAX*  The  comparable  result  for  Z4  on  a  cold 
day  similarly  shows  a  more  negative  decrement.  Indeed,  Z4  on  a  cold  day 

has  a  negative  decrement  which  is  roughly  75  per  cent  of  that  of  Z8MAX  on 
tive  predations  inStSbi,it»  »'««<«»  »I.M  two  qu.li.a- 


'•  The  385  Hz  osci  nation  is  more  intense  on  cold  days  than  on  warm 


49 


days.  The  intensification  holds  for  each  fuel  zone  combination, 
but  it  is  most  dramatic  in  the  case  of  Z8MX,  for  which  Zones  3 
and  k  play  a  dominant  role. 

2.  On  a  cold  day  the  385  Hz  oscillation  is  intensified  during  Zk  op¬ 
eration  to  the  point  that  it  approaches  the  level  predicted  for 
Z8MAX  on  warmer  days. 

A  glance  at  the  data,  shown  for  example  in  Table  VI,  indicates  that  these 
two  qualitative  trends  predicted  by  the  model  are  precisely  the  trends 
which  were  observed.  On  a  cold  day  the  Z8MAX  instability  is  much  more 
severe,  and  the  Zk  oscillation  reaches  the  order  of  severity  of  the  Z8MAX 
instability  on  a  warm  day.  The  Zk  zone  combination  was  chosen  for  the 
comparison  because  it  is  the  only  one  other  than  Z8MAX  for  which  cold  day 
data  a  re  ava i 1 abl e. 

The  conclusion,  then,  is  that  NREC's  instabi I i ty  model ,  supplemented 
by  simple  droplet  vaporization  formulas,  does  predict  the  direction  of 
the  effect  of  a  reduced  fan  discharge  temperature.  The  solutions  in  Fig¬ 
ure  26,  do  not,  however,  predict  sustained  amplitude  levels,  so  that 
comparison  must  be  made  in  terms  of  a  physically  more  elusive  variable, 
viz.  the  negative  decrement  or  growth  rate  of  the  oscillation.  Since  the 
analytical  solutions  do  not  determine  a  sustained  amplitude,  we  have  not 
predicted  what  was  observed,  namely  a  reduction  of  sustained  amplitude 
levels  as  fan  discharge  temperature  increases.  The  problem  of  predicting 
amplitude  levels  rather  than  just  oscillation  growth  rates  is  discussed 
in  the  remainder  of  this  chapter. 


PREDICTING  THE  SUSTAINED  AMPLITUDE  LEVELS 

The  problem  is  easy  to  define.  The  observed  amplitude  level  during 
Z8MAX  operation  was  below  10  per  cent  on  warm  days  and  above  35  per  cent 
on  cold  days.  The  calculations,  based  on  a  simple  droplet  vaporization 
model,  predict  that  the  amplitude  level--  whatever  it  may  be--  exceeds 
30  per  cent  on  both  warm  and  cold  days.  The  key  fault  in  the  calculated 
results  is  not  simply  their  failure  to  predict  the  lower  amplitude  of  the 
warm  day  tests.  The  key  fault  is  that  the  graphical  solutions  for  the 
instability  show  no  sign  whatever  of  producing  a  sustained  amplitude 
number.  Regardless  of  the  augmentor  inlet  temperature,  the  decrement 
curve  is  calculated  to  have  the  following  shape: 
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For  the  largest  amplitude  examined,  the  instability  is  not  simply  still 
growing,  it  is  growing  even  faster  than  at  lower  amplitudes.  For  the 
instability  analysis  to  predict  a  sustained  amplitude,  the  decrement 
curve  must  turn  back  toward  the  axis: 


The  solutions  using  the  simple  droplet  vaporization  model,  rather  than 
turning  back,  all  appear  to  be  asymptotic  to  some  minimim  value  of  the 
decrement. 

Two  questions  require  examination.  First,  why  does  the  analysis 
fail  to  produce  decrement  curves  of  the  shape  anticipated?  Second, 
what  type  of  revision  of  the  analysis  is  necessary  for  the  decrement 
curves  to  be  of  the  correct  shape?  These  two  questions  are  addressed  in 
the  next  section.  The  succeeding  section  will  then  indicate  what  sort  of 
correlation  between  predicted  and  observed  amplitudes  can  be  achieved  by 
following  a  logical  line  of  revision  of  the  analyses. 


FACTORS  GOVERNING  THE  SUSTAINED  AMPLITUDE  LEVEL 

The  decrement  calculated  in  the  instability  analysis  is  a  consequence 
of  a  number  of  effects,  some  of  which  add  positively  to  it  (i.e.,  stabilize 
the  mode)  and  others,  negatively: 

1.  The  upstream  and  downstream  boundary  effects  damp  the  instability. 

2.  In  the  case  of  Z8MAX ,  the  through-flow  damps  the  instability. 

3.  The  screech  liner  damps  the  instability,  but  only  slightly,  and 
even  then  less  at  high  amplitude. 

4.  The  oscillatory  heat  release  drives  the  instability,  and  itr 
contribution  to  the  calculated  negative  decrement  increases  with 
ampl i tude. 

The  through-flow  and  upstream  and  downstream  boundary  effects  are  assumed 
not  to  vary  with  amplitude:  the  contributions  they  make  to  the  decrement 
are  constant.  Accordingly,  increasing  these  effects  will  not  produce  the 
desired  effect  of  reshaping  the  calculated  decrement  curve;  it  will  only 
shift  the  curve : 
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With  Increased 


Ampl i tude 


In  NREC's  earlier  parametric  studies  of  conventional  afterburners 
amplitude  levels  below  10  per  cent  were  predicted,  but  only  as  a  conse¬ 
quence  of  large  screech  liner  acoustic  absorption.  The  test  data  clearly 
show  that  the  liner  is  not  governing  the  amplitude  level  sustained  in  the 
TF -30— PI  augmentor.  Thus,  although  the  liner  effect  varies  nonlinearly, 
in  the  case  of  the  TF-30  oscillation  at  385  Hz  it  is  not  significant. 

NREC's  instability  analysis  intentionally  ignored  shock  losses  in  its 
calculation  of  the  contribution  of  through-flow  to  the  decrement.  Shock 
losses  vary  sharply  nonlinearly  with  the  amplitude  of  the  oscillation 
insofar  as  the  velocity  oscillation  must  be  sufficient  for  the  local  flow 
to  reach  sonic  values  before  shocks  appear.  During  Z8MAX  operation,  the 
mean  or  steady  velocity  in  the  augmentor  does  not  exceed  a  Mach  number  of 
0.75.  Thus  shock  losses  cannot  be  governing  the  instability  amplitude 
level  on  warm  days  when  the  pressure  fluctuations  are  below  10  per  cent 
amplitude.  Shock  losses  should  become  significant  for  the  Z8MAX  insta¬ 
bility  only  as  amplitude  levels  in  excess  of  25  per  cent  are  reached.  The 
shock  losses  may  govern  the  cold  day  amplitude  levels,  but  they  are  not 
the  mechanism  which  the  initial  analyses  of  the  TF-30-P1  have  crucially 
fa i led  to  consider. 

The  oscillatory  heat  release  rate  is  thus  the  mechanism  which  most 
significantly  controls  the  sustained  amplitude  level  in  the  TF-30- PI  at 
least  for  the  warm  day  conditions.  NREC's  treatment  of  the  oscillatory 
heat  release  has  four  distinct  components: 

1.  For  Z8MAX,  oscillations  in  the  convection  velocity  governing  com¬ 
bustion  have  a  very  small  damping  effect  on  the  385  Hz  instability. 
The  extent  of  the  damping  increases  slightly  with  increasing  am¬ 
pl  i tude. 

2.  Local  density  oscillations  drive  the  instability  significantly, 
and  the  extent  of  their  effect  increases  somewhat,  but  not 
markedly,  with  the  amplitude  level. 

3.  Oscillations  in  the  energy  content  of  the  fluid  entering  the  com¬ 
bustion  chamber  have  a  slight  driving  effect,  which  increases 
somewhat  with  the  amplitude  level. 
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4. 


Os«.i  i  latiuns  in  the  characteristic  time  of  combustion  make,  by 
a  factor  of  2,  the  largest  driving  contribution  at  large  ampli¬ 
tude,  but  at  small  amplitudes  their  contribution  is  negligible. 


The  first  two  contributions  to  the  unsteady  heat  release,  those  resulting 
from  the  convection  velocity  and  the  density,  are  essentially  independent 
of  coupling  mechanisms.  Their  contribution  to  the  decrement  varies 
slightly  non! i near  I y  only  because  the  mean  time  for  combustion  is  cal¬ 
culated  to  decrease  at  larger  amplitude  levels.  Neither  of  these  con¬ 
tributions  will  suffice  to  reshape  the  decrement  curve.  Similarly,  the 
effect  of  the  energy  content  is  too  small  to  be  significant  in  governing 
the  sustained  amplitude  level,  particularly  since  it  is  essentially 
constant  with  amplitude. 


Attention  thus  centers  on  the  effects  of  the  characteristic  time  of 
combustion.  For  practical  purposes  all  other  mechanisms  which  are  thought 
to  be  relevant  make  a  constant  contribution  to  the  unstable  decrement  curve 
of  Z8MAX.  Only  the  T'/f  effect  varies  sufficiently  strongly  nonlinearly 
that  it  can  govern  the  sustained  amplitude  level  by  governing  the  shape  of 
the  calculated  decrement  curve.  The  reason  that  the  analyses  fail  to  pre¬ 
dict  sustained  amplitude  levels  is  to  be  found  in  the  modelling  of  the 
f/r  dependence  on  amplitude  level. 


The  decrement  calculations  were  made  assuming  that  droplet  vaporiza¬ 
tion  is  the  only  coupl i ng  mechan i sm  of  significance.  In  particular,  the 
relation  between  T  and  the  fluid  oscillations  was  assumed  to  be  as  follows 
(see  Equations  5  and  6): 


r'/f  =  ?,  r’/f  ( 

T  Cy  % 

Here  C,  and  G,  both  vary  nonlinearly  with  amplitude,  and  they  also  depend 
on  the  droplet  Reynolds  number  and  on  the  fraction  of  the  nominal  design 
time  required  for  droplet  vaporization  (i.e.,  fc*  T£  /  ).  Figure  27 

displays  typical  curves  for  £  and  C7  as  a  function  of  these  parameters. 
Both  C,  and  C,  are  asymptotic  in  these  curves.  In  particular,  c,  keeps 
increasing  with  increasing  amplitude.  Thus,  the  unfortunate  shape  of 
the  decrement  plots  is  a  direct  result  of  the  shape  of  the  c,  curve, 
which  corresponds  to  a  simple  droplet  vaporization  model.  Within  this 
simple  view  of  droplet  vaporization  increasing  amplitudes  of  pressure 
oscillation  will  invariably  result  in  increasing  amplitudes  in  the  os- 
cillation  of  the  time  required  for  combustion.  The  relationship  between 
T  It  and  f/p  based  in  this  way  on  droplet  vaporization  cannot  produce  a 
self-sustained  amplitude  prediction. 

There  remain  three  approaches  by  which  the  analyses  may  yet  predict 
sustained  amplitude  levels.  One  suggestion,  discussed  in  NRECs  earlier 
studies  (Ref  2),  is  that  if  the  mean  time  of  combustion,  f  ,  becomes 
sufficiently  small,  the  contribution  of  r'/r  becomes  small: 
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enSth  of  Ih  r  combust,on  is  concentrated  in  a  short  enough 

length  of  the  augmentor,  the  contribution  of  r'/f  becomes  zero,  and  the 

decrement  curve  turns  back  toward  the  axis.  In  the  case  of  the  TF-30-PI 
all  combustion  has  to  be  concentrated  in  less  than  10  inches  of  theauq- 

reau^ren^nt ^  3  T ta  1  ned  amP! i  l  tude  can  be  reached.  Turbulent  mixing 
requirements  preclude  such  a  concentrated  combustion  zone.  Moreover 

vapoJ  zUationVt  5  'VT”  °f  25  Per  cent  needed  for  the  mean  droplet 
ignored!  65  S°  Sma11,  *Ven  Sh°U,d  tt;rbu,ent  mixing  be 

is  to^naive^n  t0  ^  Y*  the  dr°p,et  vaP°ri^tion  model 

accent  In  i  5  1 'gnores  secondary  effects  which,  when  taken  into 

account,  will  produce  the  preferred  shape  of  the  plot  in  Fiqure  27 

This  suggestion  may  ultimately  be  vindicated  by  more  detailed  experimental 
stud'es  of  droplet  mechanisms.  NREC  resists  it  at  this  point  In  ?h7^ul 

secondarv^effer ty3 tUreS  of  ‘"Ability  should  not  require  consideration  of 

let  evaDo^ai^n3^03^  i\t0  eXamine  couP,in9  mechanisms  other  than  drop¬ 
let  evaporation  Droplet  burnt ng,  chemica I  kinetics,  and  turbulent  mixina 

are  mechanisms  thought  to  be  significant  in  augmentors.  In  simple  terms9 

they  couple  fluid  conditions  to  the  time  required  for  combustion  as  follow; 

r  ~  k</(i*kx?'U) 

r  ~  kHe£J*T/  pl  (i4) 

r  ~  Art 


Droplet  Burning: 
Chemical  Kinetics: 
Turbulent  Mixing: 


WOfrds*  chamlca'  kinetic  and  droplet  burning  mechanisms  have  the 
e  type  of  effect  as  droplet  vaporization;  so  that  if  the  latter  in  fact 

!"Stab!,ity*  !°  Wi"  the  former-  Turbulent  mixing,  ^  varying 
with  velocity,  is  out-of-phase  with  the  others,  and  hence  will  tend  to  9 
stabilize  when  the  others  tend  to  drive.  Therefore,  the  most  plaus i  e 

staPbiMzit0  ^UStained  amPi '  tudes  is  to  introduce  supplementary 

mixing  V  hypothesi2in9  a  ^el  of  osci  I  latory  turbulent 


HYPOTHESIZING  THE  REQUIRED  TURBULENT  MIXING  EFFECT 

The  problem  is  to  devise  a  simple  account  of  turbulent  mixing  in 
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unsteady  How  which  will  enable  prediction  of  low  levels  of  sustained 
amplitude  for  operation  at  28MAX  on  warm  days.  Ideally,  the  added  ef¬ 
fect  of  turbulent  mixing  will  also  produce  predicted  sustained  ampli¬ 
tudes  below  5  per  cent  for  Zk  etc.,  even  on  cold  days.  Developing  a 
detailed  theoretical  account  is  beyond  the  scope  of  this  study.  We 
shall  instead  adopt  a  simple  view  of  the  physical  mechanism  and  deduce 

effect  required  from  it  for  predictions  to  correlate  with 
the  TF-30-PI  observations. 

Program  REFINE  includes  provision  for  a  turbulent  mixing  effect  in 
that  it  allows  for  a  coefficient,  C*  ,  as  follows: 


r' 

f 


C. 


+•  c. 


(4) 


hoi  A  CI¬ 


Os) 


where  the  velocity  oscillation  is  defined  at  the  f lameholders.  The 
problem,  then,  is  to  determine  2^  as  a  nonlinear  function  of  amplitude 
level. 


If  both  turbulent  mixing  and  droplet  vaporization  are  taken  into 
account,  the  expression  for  characteristic  time  of  combustion  must  be 
made  somewhat  more  complicated: 


(16) 


r  -  rT  -h  a  re 


07) 


where,  again,  0.  is  the  fraction  of  fuel  remaining  in  droplet  form,  and 
the  subscr  i  pts  <?  and  T  refer  respectively  to  evaporation  and  turbulent 
mixing.  What  is  required  are  formulas  for  £T,  and  £Tof  the  following 
form: 
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He i e  it  is  assumed  that  C,  ,  as  presented  in  Figure  27,  *s  adequate  for 
present  purposes. 

The  time  required  for  turbulent  mixing  varies  inversely  with  the 
velocity  at  the  flameholders  (ignoring  secondary  effects): 

TV  =  /jx,y  (20) 


Using  standard  perturbation  techniques,  the  fluctuation  in  time  can  be 
def i ned  as  foil ows  : 


(21) 


where  the  factor  Kt  should  theoret i ca 1 1 y  be  1.0,  but  is  here  left  as  a 
parameter  to  enable  adjustment  of  the  level  of  effect  of  turbulent  mix¬ 
ing,  The  other  term  in  Equation  19, T^/ T  ,  also  varies  nonlinearly  with 
amplitude  simply  because  /  f  varies  nonlinearly.  That  is,  assuming  7f 

is  constant  with  amplitude,  decreasing  the  mean  time  required  for  droplet 
evaporation  will  i  ncrease  Tr/f,  the  fraction  of  the  mean  time  taken  up 
by  turbulent  mixing. 


(r7r)i 


There  are  thus  two  factors  contributing  to  C<,  .  One  factor 
introduces  an  inverse  variation  of  with  amplitude.  The  increased  rol 
of  turbulent  mixing, Tr/r  ,  on  the  other  hand,  introduces  a  nonlinear  fac 
tor  which  varies  directly  with  amplitude.  The  net  effect  is  as  follows: 


'  a,  Tt  +  (l  -  a)C  i 
^  fT  f  C7 


(22) 


where  Tea  is  the  mean  time  required  for  droplet  vaporization  without 
pressure  oscillations,  and  (c ^  fee)  is  the  mean  time  required  )i th  os¬ 
cillations.  Since  C7  varies  nonlinearly  with  the  pressure  oscillation 
amp  litude,  so  will  .  Figure  28  s  hows  a  ty  p  i  ca  1  variation  of 
with  amplitude  level  when  is  assumed  to  vary  in  the  manner  also 
shown  in  Figure  28.  What  the  figure  shows  is  that  increases  with 

amplitude  when  reasonable  assumptions  are  made  about  the  ratio  of  the 
characteristic  times  of  evaporation  and  mixing  in  Zones  3  srid  Since 
increases  with  amplitude,  it  can  in  principle  serve  as  the  stabiliz¬ 
ing  factor  needed  for  the  analyses  to  predict  some  sustained  amplitude 
level.  Such  a  superficial  treatment  of  turbulent  mixing  is  scarcely 
conclusive.  It  only  shows  that  including  the  effects  of  turbulent  mix¬ 
ing  will  produce  the  type  of  modification  of  the  calculated  decrement 
curves  which  we  need. 
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Using  the  curve  for  C^/  shown  in  Figure  28,  a  value  of  hT  can  be 
selected  which  will  specifically  produce  the  result  of  a  10  per  cent 
amplitude  level  sustained  in  Z8MAX  on  a  warm  day.  Figure  29  shows  such 
a  revised  warm  day  solution.  With  this  same  value  of  ,  the  cold  day 
amplitude  for  Z8MAX  continues  to  exceed  30  per  cent,  as  again  shown  in 
Figure  29.  Moreover,  as  shown  in  Figure  30,  with  this  same  value  of  hT 
the  sustained  amplitude  level  predicted  for  Z4  becomes  less  than  5  per 
cent  on  both  warm  and  cold  days.  The  level  of  the  turbulence  effect  has 
accordingly  been  chosen  to  correlate  predicted  and  observed  amplitude 
levels  on  warm  days  in  Z8MAX.  The  fact  that  when  this  somewhat  arbitrary 
choice  is  made,  correlation  of  predicted  and  observed  amplitudes  at  other 
operating  conditions  is  achieved  confirms  qua  1 i tat i vel v  that  turbulent 
mixing  is  the  stabilizing  mechanism.  In  other  words,  the  analysis  ul¬ 
timately  claims  that  the  TF-30-P1  augmentor  instability  involves  a  deli¬ 
cate  balance  between  an  exciting  droplet  vaporization  mechanism  and  a 
damping  turbulent  mixing  mechanism. 


CONCLUSIONS  OF  THE  PARAMETRIC  STUD  I ES 


1.  In  both  the  analyses  and  the  tests  the  geometry  variations  of 
the  liner  and  flameholder  which  were  examined  were  found  to 
have  negligible  effects  on  the  first  tangential  instability. 

2.  The  predicted  trends  with  more  volatile  fuel  and  lower  fan  dis¬ 

charge  temperature  agreed  qual  itatively  with  the  trends  ob¬ 
served:  the  instability  essentially  disappears  with  AVGAS,  and 

it.  becomes  more  severe  with  reduced  fan  temperature.  These 
trends  indicate  that  the  crucial  mechanism  driving  this  in- 
stability  is  droplet  evaporation  in  the  colder  fan  stream. 

3.  In  order  to  obtain  any  predictions  of  sustained  amplitude 
level  from  the  instability  analysis,  it  is  necessary  to  hy¬ 
pothesize  a  stabilizing  effect  from  turbulent  mixing.  If  the 
level  of  this  effect  is  stipulated  on  the  basis  of  observed 
warm  day  amplitudes,  the  analyses  will  yield  qual i tat i vel  v 
correct  predictions  of  sustained  amplitudes  for  cold  days  and 
when  operating  at  Z4  rather  than  Z8MAX.  Thus  turbulent  mixing 
in  conjunction  with  droplet  evaporation  appears  ultimately  to 
control  the  sustained  amplitude  level. 
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CHAPTER  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS  PERTAINING  TO  THE  INSTABILITY  MODEL 

1.  At  least  for  predominately  transverse  modes,  mixed  flow  aug- 
mentors  are  best  modelled  as  conventional  cylindrical  after¬ 
burners  with  unusual  upstream  boundaries.  No  conclusions 
were  reached  on  predominately  longitudinal  modes, 

2.  NREC's  heat  release  model,  which  uses  lumped-parameters  to  de¬ 
fine  local  heat  release  rates,  is  adequate  even  for  multiple 
zoned  augmentors  with  significantly  different  combustion  proper¬ 
ties  in  different  zones.  However,  for  such  zoned  augmentors  the 
combustion  input  parameters  should  be  calculated  by  averaging 
over  the  individual  zones,  and  the  effects  of  each  zone  on  the 
steady  combustion  of  others  should  be  taken  into  account. 

3.  The  instability  model  correctly  predicted  the  qualitative  trends 

which  result  from  the  liner  and  flameholder  modifications,  from 
the  substitution  of  AVGAS  for  JP-4,  from  the  blocking  of  indi¬ 
vidual  fuel  zones,  and  from  reductions  in  engine  inlet  tempera¬ 
ture.  However,  better  "submodels"  of  droplet  vaporization  and 
burning,  chemical  kinetics,  and  turbulent  mixing  are  needed  for 
the  model  to  predict  sustained  amplitude  levels  with  even  rouqh 
accuracy.  3 


CONCLUSIONS  PERTAINING  TO  THE  ENGINE  TESTS 

1.  The  instability  observed  in  the  TF-30-P1  augmentor  requires 
three  conditions  to  be  satisfied  before  its  amplitude  levels 
become  s i gn i f i ca  n  t  : 

a.  The  augmentation  level  must  be  sufficient;  specifically, 
at  least  Zones  1,  3,  and  4  must  be  in  operation. 

b.  The  fuel  supplied  by  Zones  3  and  4  into  the  fan  stream 
must  not  be  mostly  vaporized  upstream  of  the  flameholders 

c.  The  rate  of  droplet  vaporization  and  burning  downstream 
of  the  flameholders  in  the  fan  stream  must  not  exceed 
some  upper  limit. 

The  first  condition  explains  why  there  is  no  instability  dur¬ 
ing  Z7  and  Z8MIN  operation;  the  third  condition  explains  why 
there  is  no  instability  during  Z4,  Z5,  and  Z6  operation;  and 
the  second  condition  explains  why  the  instability  disappears 
with  AVGAS  and  is  less  severe  on  warm  days. 


2.  During  a  sustained  37  per  cent  amplitude  oscillation  at  385  Hz 
in  the  augmentor,  the  TF-30-P1  fan/compressor  did  not  surge. 

3.  The  high  response  pressure  instrumentation  used  in  the  test 
program  provided  effective  data  to  be  used  in  conjunction  with 
the  NREC  combustion  instability  model. 


RECOMMENDATIONS 

j.  The  general  augmentor  i nstabi 1 i ty  model  previously  developed  by 
NREC  should  be  used  in  augmentor  development  programs,  and  its 
further  development  via  systematic  comparison  of  predictions 
and  observations  should  be  pursued  with  vigor. 

2.  Longitudinal  modes  in  mixed-flow  augmentors  should  be  examined 
analytically  and  experimentally  to  determine  how  to  apply 
NREC 1 s  model  to  them.  The  prerequisite  is  an  augmentor  with  a 
significant  longitudinal  instability. 

3.  Studies  should  be  made  of  the  preferred  representation  of  the 
steady  combustion  in  augmentors  within  the  context  of  NREC's 
instability  model.  In  particular,  interactions  of  core  stream 
and  fan  stream  combustion  zones  require  more  reliable  modelling 

4.  Improved  models  of  coupling  mechanisms  in  augmentors,  including 
their  interactions  and  their  nonlinear  dependence  on  oscilla¬ 
tion  amplitude,  should  be  pursued  in  order  to  increase  the  quan 
titative  effectiveness  of  the  instability  model. 

5.  Future  engine  test  programs,  possibly  even  on  the  TF-30,  should 
examine  how  augmentor  instability  is  affected  by  steady  inlet 
distortion  in  turbofan  engines. 
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TEST  CELL  INSTALLATION 
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FIGURE  6  -  PSD  OF  PRESSURE  OSCILLATION.  CHANNEL  7.  TEST  ).  Z4  (COLD  DAY 
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FjGURE  7  -  FAN  INLET  DISTORTION  SCREEN:  | 80  DEGREFS 


67 


?nri  Ajf  i  5  3 

A Ftu rhurnpr  Oth  TafigtrnlH  al 

Prb  ftarffaf  Buetburrujr 


Amp  |  I  (  ,[Jtftf 


2nd  Axial 
1st  Tangential 

Afterburner  1st  Radial  Ductburner 


m 

(N 


ir\ 

CSi 


FIGURE  10  -  INSTABILITY  SOLUTION  FOR  A  COMBINED  TANGENTIAL-LONGITUDINAL  MODE:  MODE  6  AT  Z 
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FIGURE  Ifc  -  INITIAL  INSTABILITY  SOLUTION  FOR  THE  FIRST  TANGENTIAL  MODE:  MODE  4  AT  Z 8 
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FIGURE  30  -  COMPARISON  OF  INSTABILITY  SOLUTIONS  FOR 
COLD  DAY  AND  WARM  DAY  CONDITIONS!  MODE  4  AT  Z4 
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TF-30-PI  TURBOFAN  ENGINE 


Stfccc^  tincr 


SCHEMATIC  OF  AUGMENTOR  FUEL  INJECTORS  AND  FLAMEHOLDERS 
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FIGURE  38 


ED  F [ AME HOLDER  ASSEMBLY  INSTALLED 


FIGURE  42  -  STANDARD  AND  MOD  I F  I  ED  SCREECH  LINERS 
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Liner  Admittance  Ratio  (i  iraqi  nary  Part; 


FIGURE  bk  -  ACOUSTIC  ADMITTANCE  (IMAGINARY  PART)  OF  SCREECH  LINER 
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FIGURE  k6  -  DISTILLATION  OF  AVGAS  AND  JP-4 
AT  ATMOSPHERIC "CONDITIONS 
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THROUGH-FLOW  VELOCITIES  ASSUMED  IN  THE  DUCT 
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FIGURE  51  -  SCHEMATIC  OF  ANALOG  CIRCUITRY 
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FIGURE  52  -  SCHEMATIC  OF  ANALOG  DATA  REDUCTION  SYSTEM 
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TABLE  II 


PRESSURE  OSCILLATION  AMPLITUDES 
CHANNEL  1  AT  ~4Q0  HZ 


Note:  Amplitudes  are  peak-to-mean :  Values  in  per  cent. 


Cold  day  tests. 
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TABLE  III 


PRESSURE  OSCILLATION  AMPLITUDES 
CHANNEL  2  AT  n*kOO  HZ 


Note:  Amplitudes  are  peak-to-mean :  Values  in  per  cent. 


Cold  day  tests. 
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TABLE  IV 


PRE  SSURE  OSCILL  AT  I  ON  AMPLITUDES 
CHANNEL  3  AT  400  HZ 


Test 

1 

Test 

6 

Test 

7 

Test 

8 

Test 

9 

Test 

10 

zo 

— 

0.59 

1.39 

2.03 

-- 

-- 

Z4 

0.51 

1.29 

2.15 

0.99 

-- 

-- 

Z5 

0.72 

1.07 

-- 

-- 

-- 

-- 

Z6 

0.63 

1.39 

1.82 

0.83 

-- 

" 

27 

1.17 

1.50 

2.03 

2.89 

-- 

Z8 

MIN 

1.07 

0.88 

2.56 

1.87 

-- 

I 

Z8 

MAX 

0.83 

4.17 

2.68 

3.23 

___  _ 

ZV-' 

0.78 

-- 

-- 

-- 

-- 

.. 

Z8" 

MAX 

1 .87 

Note : 

Ampl i tudes  are 

peak-to-mean 

Values 

in  per  cent. 

Cold  day  tests. 


TABLE  V 


PRESSURE  OSCILLATION  AMPLITUDES 
CHANNEL  4  AT  ~  400  HZ 


Test 

1 

Test 

6 

Test 

7 

Test 

8 

Test 

9 

Test 

10 

zo 

-- 

1.23 

0.70 

0.63 

1.07 

1.28 

Ik 

1.07 

2.46 

2.25 

1.18 

0.75 

1.17 

Z5 

0.75 

1.44 

— 

— 

-- 

-- 

Z6 

0.78 

2.30 

1.50 

1.77 

-- 

-- 

Z7 

0.75 

2.73 

2.03 

1.23 

0.40 

0.91 

Z8 

MIN 

0.70 

2.25 

2.36 

2.14 

0.46 

0.93 

Z8 

MAX 

2.40 

6.97 

2.72 

3.00 

1.34 

1.17 

Ik' 

0.70 

— 

-- 

-- 

-- 

Z  8“ 
MAX 

9.89 

.. 

i 

i 

» 

j 

Note : 

Ampl i tudes  are 

peak-to-mean : 

Val ues 

in  per  tent. 

Cold  day  tes'fcs. 
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TABLE  VI 


PRESSURE  OSCILLATION  AMPLITUDES 
CHANNEL  7  AT~  400  HZ'  ' 


Test 

1 

Test 

6 

Test 

7 

Test 

8 

Test 

9 

Test 

10 

zo 

-- 

-- 

-- 

-- 

0.28 

0.22 

Z4 

0.70 

— 

— 

-- 

0.53 

0.43 

is 

0.80 

— 

— 

-- 

— 

-- 

Z6 

0.71 

-- 

— 

— 

— 

— 

Z7 

0.56 

— 

-- 

-- 

0.32 

0.37 

Z8 

MIN 

1.87 

— 

-- 

-- 

0.37 

0.32 

Z8 

MAX 

9.90 

«•  ^ 

0.75 

0.54 

Z  4* 

3.63 

-- 

— 

-- 

__ 

-- 

Z8" 

MAX 

37.40 

a*  » 

Note : 

Ampl i tudes 

are  peak-to-mean 

:  Values 

in  per  cent. 

Cold  day  tests. 
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TABLE  VII 


PRESSURE  OSCILLATION  AMPLITUDES 


CHANNEL  8  AT^  400  HZ 


TABLE  VIII 


PRESSURE  OSCILLATION  AMPLITUDES 
CHANNEL  1  AT  ~2QO  HZ 


Test 

1 

Test 

6 

Test 

7 

Test 

8 

Test 

9 

Test 

10 

zo 

-- 

6.97 

— 

-- 

-- 

Zk 

0.64 

0.94 

— 

— 

-- 

1 

Z5 

0.75 

0.95 

— 

-- 

-- 

— 

Z6 

0.75 

0.75 

-- 

-- 

-- 

-- 

H 

0.82 

1.07 

-- 

-- 

-- 

-- 

Z8 

MIN 

0.77 

0.77 

-  - 

—  m 

.. 

Z8 
j  MAX 

0.62 

0.73 

.. 

i.l 

_ _ _ _ 1 

2V 

0.36 

-- 

-- 

— 

-- 

W 

0.  24 

-- 

m-m. 

I 

**  1 

Note:  Amplitudes  are  peak-to-mean:  Values  in  per  cent. 


Cold  day  tests. 
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TABLE  IX 


PRESSURE  OSCILLATION  AMPLITUDES 
CHANNEL  2  AT  ~ 200  HZ 


Test 

1 

Test 

6 

Test 

7 

Test 

8 

Test 

9 

Test 

10 

zo 

— 

2.78 

1.98 

2.64 

0.88 

0.80 

Z4 

0.91 

1.02 

2.57 

3.20 

0.94 

0.83 

is 

0.78 

0.86 

— 

-- 

-- 

— 

j  Z6 

0.91 

0.94 

1.87 

4.50 

-- 

— 

1  z7 

1.23 

0.99 

2.57 

4.30 

0.83 

0.91 

Z8 

MIN 

1.34 

0.94 

2.57 

3.01 

1.07 

0.64 

Z8 

MAX 

0.94 

1.07 

1.61 

3.96 

1.76 

! 

0.91 

Z4" 

1 .28 

-- 

-- 

-- 

-- 

— 

Z8 

MAX 

1.39 

.. 

.. 

Note : 

Ampl i tudes 

are  peak-to-mean 

•  Values 

in  per  cent. 

Cold  day  tests. 
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TABLE  XI 


PRESSURE  OSCILLATION  AMPLITUDES 
CHANNEL  4  AT  ~  200  HZ 


Test 

1 

Test 

6 

Test 
_  7 

Test 

8 

Test 

9 

Test  | 
10 

zo 

— 

3.32 

1.87 

2.45 

2.78 

i 

5.36  ; 

Z4 

0.2S 

3.75 

2.67 

2.6? 

0.56 

1 

1.23  ! 

is 

0.48 

2.67 

— 

— 

— 

i 

Z6 

0.45 

2.46 

2.35 

4.81 

— 

-- 

H 

1.11 

3.42 

2.67 

5.35 

0.83 

1.65 

Z8 

MIN 

0.48 

3.75 

4.39 

4.91 

0.83 

1.55 

Z8 

MAX 

0.29 

3.95 

3.85 

4.91 

1.20 

1.87 

Z4'f 

1.39 

Ml  Mi 

— 

— 

— 

— 

Z8* 

MAX 

1.28 

„ 

Note: 

Amplitudes  are 

pnak-to-mean: 

Va 1 ues 

in  per  cent. 

* 


Cold  day  tests 


table  XII 


PRESSURE  OSCILLATION  AMPLITUDES 
CHANNEL  7  AT  ^  200  HZ 


Test 

1 

Test 

6 

Test 

7 

Test 

8 

Test 

9 

Test 

10 

zo 

-- 

— 

-- 

T  “ 

0.83 

1.05 

Z4 

0.53 

-- 

-- 

-- 

0.88 

1.39 

Z5 

0.53 

-- 

... 

-- 

-- 

Z6 

0.53 

— 

— 

-- 

n 

* 

0.53 

-- 

-- 

-- 

0.67 

1.17 

Z8 

MIN 

1.71 

— 

-- 

— 

0.94 

0.78 

Z8 

MAX 

2.01 

1.34 

1.07 

lb" 

1.74 

-- 

-- 

-- 

-- 

-- 

1 8 

MAX 

2.67 

.. 

Note  : 

Amp  1 i tudes  a  re 

peak-to-mean 

Values 

in  per  cent . 

Cold  day  tests. 
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TABLE  XIII 


PRESSURE  OSCILLATION  AMPLITUDES 


CHANNEL  8  AT~  200  HZ 


Test 

Test 

Test 

Test 

Test 

Test 

1 

6 

_ z _ 

8 

5 

10 

Note:  Amplitudes  are  peak-to-mean :  Values  in  per  cent. 


Cold  day  tests, 
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TABLE  XIV 


FAN  DISCHARGE  TOTAL  TEMPER  ATI  IRFS 


Note:  Temperatures  in  deg  F. 


Cold  day  tests. 
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TABLE  XV 


TOTAL  AUGMENTOR  FUEL  FLOWS  FROM 
TEST  POINT  TO  TEST  POINT 


Test 

1 

Test 

6 

Test 

7 

Test 

8 

Test 

9 

Test 

10 

zo 

Z4 

27200 

26700 

25700 

24100 

28500 

23400 

Z5 

32300 

31100 

— 

-- 

— 

-- 

Z6 

35^00 

33400 

33100 

32700 

— 

-- 

Z7 

1 1500 

12400 

12000 

11000 

11400 

12500 

Z8 

MIN 

13800 

14100 

13200 

13700 

15600 

14100 

Z8 

MAX 

20700 

26300 

19600 

18500 

21300 

21000 

Zk" 

28400 

-- 

-- 

-- 

— 

-- 

Z8* 

MAX 

21500 

.. 

Note:  Fuel  flow  in  Ibm/hr. 


i 


Cold  day  tests. 
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TABLE  XVI 

ZONE-BY-ZONE  REPRESENTATIVE  FUEL 


FLOWS 

ASSUMED  IN 

THE  ANALYSES 

Zone 

1 

Zone 

2 

Zone 

3 

Zone 

4 

Zone 

5 

Total 

AB 

zo 

-- 

— 

— 

— 

-- 

Z4 

6500 

6000 

7000 

7500 

— 

27000 

Z5 

5500 

6500 

6500 

7500 

6000 

32000 

Z6 

6500 

-- 

7500 

8500 

10500 

33000 

n 

6000 

— 

6000 

'  -- 

-- 

12000 

Z8 

MIN 

5500 

-- 

5500 

1300 

-- 

14000 

Z8 

MAX 

_ £500 . 

_ Z02Q_ 

_ 2500 _ 

21000 

Note:  Fuel  flow  in  lbm/hr. 
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TABLE  XVI I 


SONIC  VELOCITIES  AND  TEMPERATURE  RISES 
ASSUMED  IN  THE  ACOUST ICS  ANALYSES 


i : . 

1  Afterburner  Solutions 

Ductburner  Solutions  1 

mm ■-  , 

Soni c  Velocity 

A  Tn 

Sonic  Veloci ty 

/S  f  0 

(ft/sec) 

(deg  R) 

(ft/sec) 

(deq  R) 

Z4 

2470 

1900 

2700 

3000 

15 

2600 

2225 

2700 

3000 

Z6 

2630 

2300 

2545 

2550 

H 

2115 

935 

1940 

1100 

_ 2365 _ 

_ 1575 _ 

2480 

.  m 

Upstream  Values  in  All  Ca 

ses 

- 

Afterburner  Solutions 

Ductburner  Solutions  1 

Sonic  Vel oci ty 

To 

Soni  c  Vel oci ty 

To 

(ft/sec) 

(deq  R) 

( ft/sec) 

(deq  R) 

1600 

1150 

1260 

680 
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APPENDIX  I 


TF-30-PI:  THE  ENGINE  STUDIED 


THE  ENGINE  TESTED 

The  TF-30-P1  (Figures  31  and  32)  is  a  mixed-flow  afterburning,  dual¬ 
spool  turbofan  engine  consisting  of  a  three-stage  fan  and  a  six-stage  low 
pressure  compressor  (low  spool),  a  seven-stage  high  pressure  compressor 
(high  spool),  an  eight-can  can-annular  combustion  system,  a  one-stage  high 
pressure  turbine  (high  spool),  a  three-stage  low  pressure  turbine  (low 
spool),  and  a  mixed-flow  afterburner  equipped  with  a  fully  modulating  flap- 
type  convergent  primary  nozzle  and  a  blow-in  door  ejector  with  variable 
inlet  and  exhaust  areas. 

The  fan  airstream,  ducted  around  the  core  engine,  mixes  with  the  high 
temperature  turbine  discharge  gases  entering  the  afterburner.  Concentric 
fuel  manifolds  in  the  diffuser  downstream  of  the  turbine,  at  the  splitter 
exit  plane  between  the  core  and  fan  streams,  and  in  the  fan  stream  inject 
fuel  which  is  metered  by  the  afterburner  fuel  control.  The  afterburner 
(Figures  33  and  3*0  contains  a  circumferential  vee-gutter  flameholdcr  as¬ 
sembly  with  radial  spikes,  a  perforated  screech  liner,  and  a  convection 
cooled  aft  liner.  The  combustion  exhaust  gases  from  the  afterburner  pass 
through  a  flap-type  convergent  primary  nozzle  and  enter  a  blow-in  door 
ejector  secondary  nozzle  (Figure  35).  Primary  nozzle  area  is  controlled 
and  monitored  by  the  afterburner  fuel  control;  major  area  changes  occur 
only  during  afterburner  modulation.  The  ejector  nozzle  flaps  and  biow¬ 
in  doors  are  aerodynamical l y  controlled  as  a  function  of  inside  and  out¬ 
side  pressure  differences. 

The  afterburner  is  a  fully  modulating  five-zone  system  (Figure  36). 
Zone  I  is  the  ignition  and  minimum  augmentation  zone,  consisting  of  a 
single  circumferential  spray  ring  fuel  injector  located  in  the  turbine 
discharge  gas  stream.  Ignition  is  effected  by  a  "hot  streak"  system. 

Zone  2  is  a  jet-f 1 ameholder  fuel  injection  ring,  located  at  the  outer 
diameter  of  the  fan  stream.  This  special  spray  ring  provides  aerodynamic 
flameholding  and  injects  a  fuel-air  mixture  into  the  fan  stream.  The  air 
used  in  this  spray  ring  is  taken  from  the  high  compressor  discharge  and  is 
introduced  by  the  fuel  control.  Zones  3  and  4  consist  of  a  three-ring 
fuel  injector  cluster,  located  at  the  splitter  exit  plane  between  the  tur¬ 
bine  discharge  and  fan  streams.  Zone  5  is  a  two-ring  injector,  located  in 
the  turbine  discharge  stream.  Figure  37  provides  a  schematic  of  the  fuel 
zone  and  fl ameholder  system  of  the  afterburner.  The  afterburner  is  modu¬ 
lated  as  a  function  of  power  lever  position  from  Zone  1  through  Zone  5 
sequentially.  Approximately  72  per  cent  thrust  augmentation  is  achievable. 

The  basic  performance  characteristics  of  the  TF-30-P1  at  sea  level, 
maximum  power  are  listed  below: 
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Mi  1 i tarv 

Max.  A/B 

Thrust,  lbs 

10,750 

18,500 

SFC 

0.616 

2.29 

RPM 

(1)  N 1 

9630 

9700 

(2)  N2 

13,770 

13,810 

Total  A i r f 1 ow ,  1 b/sec 

233.1 

235. 1 

Overall  Primary  Cycle  Pressure  Ratio 

16.32 

16.85 

Turbine  Inlet  Temperature,  deg  F 

1839 

1918 

Turbine  Outlet  Temperature,  deg  F 

1048 

1105 

Primary  Nozzle  Throat  Area,  sq  ft 

3.75 

7. 15 

Secondary  Nozzle  Exit  Area,  sq  ft 

8.95 

8.95 

Bypass  Ratio 

1.0 

1.0 

AUGMENTOR  INLET  CONDITIONS  ASSUMED  IN  THE  ANAIVSIC; 


Engine  operating  conditions  varied  slightly  from  test  to  test  Fnr 

ty?icai  *»«• — 

ditions  (in  the  initial  analyses):  6  UMn9  6  engine  operating  con- 


Core 

Fan 

Total  Temperature:  deg  R 

1560 

670 

Total  Pressure:  ps i 

28.  72 

28.33 

Mach  Number 

0.281 

0.  208 

Area:  sq  ft 

3.97 

4.46 

The  upstream  sonic  velocities  assumed 
ft/sec  in  the  case  of  a  ductburner  and 
afterburner. 


in  the  HLMHLT  analyses  were 
1600  ft/sec  in  the  case  of 


1260 

an 
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AUGMENTOR  GEOMETRY  ASSUMED  IN  THE  ANALYSIS 


The  combustion  instability  analysis  requires  constant  duct  dimensions 
for  evaluating  augmentor  acoustics  properties,  but  indirectly  recognizes 
flow  area  changes  via  variations  in  the  through-flow  velocity.  The  after¬ 
burner  dimensions  assumed  in  the  HLMHLT  analyses  are  as  follows: 


Outer  Rad ius ,  f t 

* 

I nner  Rad ius,  ft 
Length  of  Chamber  1 ,  ft 
Length  of  Chamber  2,  ft 


Cyl indrical 

Annular 

Afterburner 

Ductburnei 

1.67 

1 .67 

0.0 

1 . 16 

2.71 

8.52 

5.59 

5.59 

Chambers  1  and  2  are,  respectively  upstream  and  downstream  of  the  flame- 
front,  so  that  the  above  dimensions  effectively  locate  the  flame-front. 

The  afterburner  exit  plane  is  defined  to  be  at  the  entrance  of  the  primary 
nozzle.  The  upstream  plane  is  defined  at  the  fan  exit  guide  vanes  in  the 
case  of  the  ductburner  analysis  and  at  the  turbine  discharge  nozzles  in 
the  case  of  the  afterburner  analysis. 


A  scale  drawing  showing  the  dimensions  used  in  calculating  the  through- 
flow  velocity  distribution  is  presented  in  Figure  38.  The  relevant  flow 
areas  are  8.98  sq  ft  at  the  flame-front  and  7.23  sq  ft  at  the  nozzle  qritrance. 
The  analysis  of  the  velocity  distributions  treated  the  fan  and  core  asx dis¬ 
tinct,  concentric  streams;  the  radius  of  the  interface  between  the  streams 
was  varied  to  maintain  equal  static  pressure  on  either  side  of  the  interface. 
The  resulting  velocity  distributions  are  described  in  Appendix  V. 


ASSUMED  AUGMENTOR  INLET  AND  DISCHARGE 

ACOUSTIC  ADMITTANCES  \ 


The  augmentor  acoustics  analysis  represents  the  effects  of  the  dis¬ 
charge  nozzle  and  of  the  upstream  blade  rows  by  means  of  acoustic  admit¬ 
tance  ratios.  Methods  are  not  yet  available  for  calculating  admittances 
of  choked  nozzles  which  are  short  compared  to  their  outer  diameters.  The 
extremely  complicated  problem  of  sound  wave  reflection  from  fan  exit  guide 
vanes  and  turbine  discharge  nozzles  is  even  less  tractable.  Therefore  the 
analyses  described  in  this  report  made  gross  assumptions  on  the  upstream 
and  downstream  admittances--  assumptions  which  are  educated  guesses.  Be¬ 
cause  of  the  large  velocities  at  the  nozzle  and  upstream  boundaries,  the 
values  assigned  the  admittances  are  not  exceedingly  critical:  a  50  per 
cent  error  in  admittance  represents  only  a  15  per  cent  error  in  the 
boundary  coefficient  for  longitudinal  modes. 
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The  primary  nozzle  acoustic  admittance  ratios  assumed  in  the  HLMHLT 
analyses  of  the  TF-30-PI  are  as  follows: 


Predominant  Component 
of  Mode 

Longi tud i nal 

T  ransverse 


Nozzle 

Admi ttance  Ratio 
0.20  +  j  0.25 

0.10  +  j  0.05 


Two  sets  of  upstream  boundary  admittances  were  estimated:  those  for  the 
ductburner  represent  the  fan  exit  guide  vanes;  those  for  the  afterburner 
-T::ent«n  *’ver‘)9e  between  the  effects  of  the  turbine  discharge  nozzle 
e  effects  of  the  open  fan  duct.  The  values  used  in  the  HLMHLT 
analyses  are  as  follows: 


Predominant  Component 
of  Mode 

Longi tudi nal 

T  ransverse 


Upstream  Admittance  Ratio 
Afterburner  Ductburner 

0.20  +  j  0.25  0.10  +  j  0.15 

0.  15  +  j  0.10  0.08  +  j  0.05 


he  'arger  values  for  the  afterburner  model  assume  acoustic  energy  loss  up 
the  tan  duct.  The  upstream  boundary  of  the  afterburner  is  stipulated  to  be 
the  turbine  discharge  nozzles;  the  fan  duct  boundary  at  this  point  is 
treated  as  an  open  end.  5 
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APPENDIX  II 


FLAMEHOLDERS  EXAMINED 


FLAMEHOLDER  ASSEMBLIES 


Two  f landholder  assemblies,  both  using  three  vee-gutter  rings  were 
examined  in  the  experimental  program.  The  standard  flameholder  on’the 
TF-30-PI,  shown  on  the  left  in  Figure  39,  has  an  essentially  conical  shape. 
The  outer  ring,  farthest  upstream,  is  in  the  fan  stream,  and  the  two  inner 
rings  are  in  the  core  stream.  A  combination  aerodynamic  injector  and  flame 
holder  surrounds  this  flameholder  assembly,  as  shown  in  Figure  40. 


•  Tests  7  and  8  were  conducted  with  the  modified  flameholder  assembly, 
shown  on  the  right  in  Figure  39,  installed  in  the  augmentor.  The  distinc¬ 
tive  characteristic  of  the  modified  flameholder  is  that  the  middle  vee- 
gutter  ring  has  been  placed  roughly  9  inches  further  downstream  than  is 
the  case  with  the  standard  flameholder.  Figures  40  and  41  show  the  modi¬ 
fied  flameholder  installed  in  the  augmentor.  As  can  be  seen  by  comparing 
Figures  36  and  40,  the  only  difference  in  the  modified  flameholder  when 
viewed  up  the  tailpipe  is  the  addition  of  swirler  cups  in  the  outermost 
vee-gutter  ring.  Viewed  from  the  side  as  in  Figure  41,  however,  it  can 
readily  be  seen  that  the  flame-front  structure  will  be  significantly  dif¬ 
ferent  in  the  case  of  the  modified  flameholder.  In  particular,  since  the 
central  vee-gutter  ring  corresponds  to  Zone  I,  the  relative  positions  of 
the  flame-front5  of  Zone  1  and  Zones  3  and  4  (the  outer  ring)  are  completel 
different:  with  the  modified  flameholder  Zone  I  combustion  will  initiate 
downstream  rathe,  than  upstream  of  the  initiation  of  combustion  in  Zones  3 
and  4.  Thus  the  pair  of  flameholders  tested  should  indicate  whether  the 
spatial  structure  of  the  flame-front  has  a  marked  effect  on  any  instability 
in  the  augmentor.  1 


y 


MODELLING  THE  FLAMEHOLDERS 

....  F*ameho,(*ers  produce  three  effects  which  are  pertinent  to  the  insta¬ 
bility  characteristics  of  augmentors: 

1.  The  flameholder  flow  blockage  introduces  an  acoustical  impedance 
between  the  chambers  upstream  and  downstream  of  the  flameholder. 

2.  The  flameholder  axial  location  in  part  determines  the  axial  lo¬ 
cation  of  the  flame-front. 

3.  The  geometry  of  the  flameholder  assembly  (not  that  of  the  in¬ 
dividual  vee-gutter)  determines  the  spatial  distribution  of  the 
heat  release. 

The  second  and  third  of  these  effects  are,  of  course,  physically  difficult 
to  distinguish,  but  the  distinction  is  significant  in  the  instability  model. 
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Programs  HLMHLT  and  REFINE  contain  various  parameters  which  can 
depend  on  these  effects  and  hence  can  depend  on  the  specific  flame- 
holder  assembly.  However,  little  attention  has  been  given  to  date  to 
the  question  of  the  proper  modelling  of  the  fiameholder  within  the  over¬ 
all  instability  model.  The  problem  of  modelling  flameholders  has  simply 
been  considered  of  minor  significance  compared  to  that  of  modelling  the 
unsteady  energy  release.  Thus  the  very  simplified  approach  to  the 
fiameholder  used  in  the  previous  parametric  studies  was  continued  in  the 
current  program.  The  two  fiameholder  assemblies  were  modelled  as  follows: 

1.  Their  acoustic  impedance  was  ignored  entirely  because  of  the  lack 
of  a  method  for  calculating  values  of  the  relevant  input  parame¬ 
ters  of  HLMHLT. 

2.  The  flame-front  with  the  standard  fiameholder  was  specified, 
somewhat  arbitrarily,  to  be  3.5  inches  downstream  of  the  aero¬ 
dynamic  fiameholder  ring.  With  the  modified  fiameholder  it  was 
specified  to  be  8.5  inches  downstream.  In  both  cases  the  rule 
followed  was  to  locate  the  flame-front  midway  between  the  most 
upstream  and  downstream  fiameholder  rings. 

3.  The  different  effects  of  the  two  flameholders  on  the  heat  release 
parameters  (E  ,  T  ,  and  the  unsteady  combustion  coefficients) 
were  ignored. 

Future  investigations  with  the  NREC  instability  model  will  undoubtedly 
provide  far  more  justifiable  approaches  to  modelling  flameholders.  Had 
the  instability  amplitudes  and  frequencies  observed  in  the  test  program 
differed  with  the  two  fiameholder  assemblies,  the  current  program  might 
have  led  to  more  sophisticated  modelling  techniques,  but  under  the  cir¬ 
cumstances  no  reasons  for  less  arbitrary  modelling  arose. 
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appendix  II  I 

SCREECH  LINERS  EXAMINED 


THE  LINERS  TESTED 


The  perforated  screech  liner  of  the  TF-30-P1  augmentor  extends  33  inches 
downstream  from  the  plane  of  the  splitter  lip  (see  Figure  33).  The  liner 
uses  a  square  matrix  of  0.094  inch  holes  spaced  0.587  inches  apart;  the 
liner  is  0.048  inches  thick,  and  the  backing  cavity  is  G.678  inches  deep. 


Tests  were  conducted  with  two  screech  liner  configurations: 
nominal  screech  liner  and  second,  with  all  but  the  downstream  12 
the  nominal  liner  covered  to  block  off  the  acoustic  perforations 
liner  variations  are  pictured  in  Figure  42. 


f i rst,  the 
inches  of 
The  two 


MODELLING  THE  SCREECH  LINER 


The  combustion  instability  analysis 
screech-liner  via  an  acoustic  admittance 
admittance  ratio,  which  varies  with  both 
the  sustained  oscillation,  is  defined  by 
Reference  3): 


represents  the  effects  of  tne 
ratio  for  the  outer  boundary.  The 
the  amplitude  and  the  frequency  of 
the  following  equations  (from 
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^  is  the  gravitational  constant 
jt^is  the  liner  thicxness 
rj^is  the  aperture  diameter 


t  is  the  backing  distance 

is  the  RMS  pressure  amplitude  (lbf  per  ft  sq) , 

The  1 i ne r  in  the  TF-30-P1  is  tuned  to  a  frequency  (  /^  )  of  roughly 
1900  Hz.  Figures  43  and  44  display  respectively  the  real  and  the  imaginary 
parts  of  the  TF-30-P1  liner  admittance  ratio  as  functions  of  oscillation 
amplitude  and  frequency.  The  real  part  corresponds  to  the  damping  effect 
of  the  liner. 
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APPENDIX  IV 


FUELS  EXAMINED 


FUELS  TESTED 

Current  military  jet  engine  requirements  list  Aviation  Gasoline  (AVGAS) 
as  an  emergency  fuel.  Therefore,  since  the  vaporization  and  volatility 
characteristics  of  AVGAS  are  much  different  from  those  of  more  conventional 
military  jet  fuels,  JP-4  and  JP-5,  an  assessment  was  made  of  the  resultant 
effects  AVGAS  has  on  the  combustion  stability  of  the  augmentor.  Of  the  two 
fuels  examined  in  the  test  program,  the  primary  fuel  was  the  conventional 
turbine  aviation  fuel,  Grade  JP-4  per  MIL-T-5624H.  The  alternate  fuel  was 
AVGAS,  Grade  115/145  per  MIL-G-5572E. 

Because  of  its  high  lead  content,  AVGAS  was  introduced  only  into  the 
agumentor  fuel  system  in  order  to  minimize  hot  part  lead  deposition.  The 
main  combustion  system  of  the  core  engine  was  operated  continuously  on 
JP-4  throughout  the  test  program. 

The  effects  of  AVGAS  were  examined  during  Tests  9  and  10  (the  former 
test  used  the  blocked  screech  liner,  and  the  latter,  the  conventional 
screech  liner).  The  highest  sustained  oscillation  levels  occurred  at  Z8MAX 
with  JP-4  fuel.  Because  of  limitations  of  the  fuel  supply  pump,  the  fuel 
flow  from  the  AVGAS  tank  was  restricted  to  the  point  that  neither  the  25  nor 
the  Z6  condition  could  be  produced;  also,  the  Z8MAX  condition  with  AVGAS  did 
not  represent  maximum  fuel  flow,  though  the  fuel  flow  rate  (21,000  Ibm/hr)  was 
comparable  to  that  with  JP-4.  Considerable  instability  activity  could  be  au¬ 
dibly  detected  during  the  AVGAS  tests,  but  the  recorded  signal  levels  were 
qu i te  1 ow. 


High  lead  deposition  on  the  augmentor  hot  parts  and  fuel  injectors 
limited  the  duration  of  AVGAS  testing;  consequently,  following  each  AVGAS 
test,  20  to  30  minutes  of  additional  running  with  JP-4  fuel  was  conducted 
to  clear  away  the  bulk  of  the  lead  deposits. 

During  Test  10  a  back-to-back  AVGAS/JP-4  test  Wc'S  conducted  at  essen¬ 
tially  the  same  operating  conditions.  Stability  data  were  taken  first  with 
the  AVGAS  fuel  at  the  highest  Z8  condition  possible.  The  augmentor  was  then 
changed  to  a  JP-4  fuel  supply,  and  the  same  Z8  condition  was  repeated.  This 
provided  a  back-to-back  comparison  of  the  two  fuels.  The  maximum  amplitude 
level  observed  was  essentially  the  same  with  either  fuel  in  these  tests  (1.22 
per  cent  with  AVGAS  and  1.27  per  cent  with  JP-4),  but  the  levels  in  question 
were  so  low  that  no  salient  conclusion  could  be  drawn. 


MODELLING  THE  FUELS  IN  THE  INSTABILITY  ANALYSIS 

Two  parameters  in  NREC's  combustion  instability  model  are  directly  depen 
dent  on  the  properties  of  the  augmentor  fuel:  £  ,  the  chemical  energy  content 
of  the  fluid  (per  unit  mass)  entering  the  combustion  zone;  and  X  ,  the  char¬ 
acteristic  time  required  for  combustion  of  a  fluid  particle.  Both  of  these 
parameters  are  treated  in  terms  of  their  mean  and  oscillatory  components  in 
the  mode  I  :  , 


The  oscillatory  components  are  in  turn  functionally  related  to  the  pressure 
and  velocity  oscillations 

£'  =  if  (  ?'<  M', 

r'--  tr- 

Both  the  mean  components  and  the  functions  defining  the  oscillatory  compo¬ 
nents  are  dependent  on  fuel  properties.  These  are  discussed  separately 
below. 

The  mean  energy  content  of  the  fluid  varies  linearly  with  the  net  heat 
of  combustion  of  the  fuel  and  with  the  local  mixture  ratio.  The  difference 
in  the  heat  of  combustion  of  AVGAS _and  that  of  JP-4  was  assumed  to  be  negli¬ 
gible  in  the  current  study.  Thus  E  remained  the  same  in  the  JP-4  and  the 
AVGAS  solutions. 

The  other  three  model  parameters  ( E*  ,  T* ,  and  T  )  are  sensitive  to  the 
vaporization  characteristics  of  the  fuel  used.  They  will  be  discussed  below. 
First,  however,  it  is  important  to  recognize  the  differences  in  the  vaporiza¬ 
tion  properties  of  AVGAS  and  JP-4.  Figure  45  shows  vapor  pressure  versus 
temperature  for  JP-4  and  AVGAS  (for  10  per  cent  distillation).  At  two  atmos¬ 
pheres,  the  condition  of  the  TF-30  augmentor,  the  boiling  temperature  of 
AVGAS  is  1 80  degrees  F,  and  that  of  JP-4  is  260  degrees  F.  The  distillation 
band  of  JP-4  is  also  much  wider  than  that  of  AVGAS.  Figure  46  shows  the  dis¬ 
tillation  bands  of  AVGAS  and  JP-4  for  atmospheric  conditions.  The  table  below 
indicates  how  much  wider  the  JP-4  distillation  band  is: 


AVGAS 

JP-4 

10 

per 

cent 

d  i  st  i 

1 1  at i on 

150 

210 

deg  F 

50 

per 

cent 

distil 

Nation 

215 

300 

deg  F 

90 

per 

cent 

d  isti  1 

1  a  t  i  on 

245 

410 

deg  F 

The  fan  discharge  temperature  in  the  TF-30  tests  ranged  from  a  low  of  178 
degrees  F  (cold  day)  to  240  degrees  F  (hot  day);  Tests  6  and  10,  correspond¬ 
ing  to  the  standard  engine  geometry,  represent  the  principal  comparison  be¬ 
tween  AVGAS  and  JP-4,  and  in  these  the  fan  discharge  temperature  ranged  from 
210  to  212  degrees  F.  The  fan  stream  temperature  at  the  flameholders  is,  of 
course,  somewhat  higher  because  of  heating  from  the  turbine  casing  and  from 
mixing  with  the  turbine  exhaust  stream.  For  Tests  6  and  10,  with  the  210 
degrees  F  fan  discharge  temperature,  it  was  assumed  that  fuel  from  Zones  3 
and  4  in  the  fan  stream  was  90  per  cent  vaporized  at  the  flameholders  in  the 
case  of  AVGAS,  and  40  per  cent  in  the  case  of  JP-4.  In  the  case  of  the  cold 
day  tests,  with  a  178  degrees  F  fan  discharge  temperature,  it  was  assumed 
that  the  JP-4  from  Zones  3  and  4  was  entirely  in  liquid  form  at  the  flame¬ 
holders. 
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The  basic  parameter  which  relates  to  the  volatility  of  the  fuel  is  Q.  , 
the  fraction  of  the  fuel  remaining  in  droplet  form  at  the  f lameholders. 
Assuming  that  the  droplet  motion  is  not  influenced  by  oscillations  in  the 
flow,  then  oscillations  in  the  energy  content  of  the  fluid  at  the  flame- 
front  can  be  defined  as  follows: 

ll  -  /-el)  <-a 

C  (  p  /  2  ViZJ  +  F  /injector 

The  first  term  represents  fluctuations  in  fuel-air  ratio  which  result  from 
air  density  fluctuations.  The  second  term  reflects  the  dependence  of  drop¬ 
let  vaporization  rate  on  the  local  Reynolds  number  raised  to  the  one-half 
power  (vaporization  is  assumed  to  occur  instantaneously  at  the  fuel  injec¬ 
tors)  . 


The  time  required  for  combustion  in  an  augmentor  is  assumed  to  result 
from  the  characteristic  times  of  the  mechanisms  controlling  the  combustion 
process.  In  general,  the  processes  controlling  the  rate  of  combustion  in¬ 
clude  turbulent  mixing,  droplet  burning,  and  chemical  kinetics.  Assuming 
these  processes  occur  es  ontially  in  series,  the  over-all  combustion  char¬ 
acteristic  time  is  as  follows: 

r  =  t;  ♦  ij  r  u 

where  =  characteristic  time  of  turbulent  mixing 

"Jg  »  characteristic  time  for  evaporation  of  burning  fuel  spray 
Tc  =  characteristic  time  for  chemical  reaction. 

When  the  fuel  is  partially  evaporated,  with  a  fraction  cl  in  liquid  droplet 
form,  the  pre-evaporated  fuel  will  miss  the  evaporation  step  in  the  above 
process.  Thus,  a  properly  weighted  characteristic  time  of  combustion  is 
defined  as  foil ows  : 

r  *  V-  «■  a  i£  +  % 

where  Tg  =  droplet  evaporation  characteristic  time 

Q,  =  fraction  of  fuel  in  liquid  form  at  the  flame-front. 

These  four  parameters  (  Tip  ,  &  ,  TJj  >  and  Tc  )  can  vary  w'th  the 
different  properties  of  the  fuel.  In  the  current  study,  however,  it  was 
assumed  that  TV  .  Tg,  »  and  Tc  do  not  change  when  AVGAS  is  used 

instead  of  JP-4.  Thus,  on  I y  O. changes ,  and  the  specific  values,  as 
described  above,  are  0.1  for  AVGAS,  0.6  for  JP-4  on  a  hot  day,  and  1.0 
for  JP-4  on  a  cold  day  in  the  Zone  3  and  4  fan  stream;  in  the  core  stream 
and  in  Zone  2  the  value  of  CL  assumed  in  all  tests  was  0.0. 
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APPENDIX  V 


AUGMENTOR  OPERATING  CONDITIONS:  FUEL  ZONE  COMBINATIONS 


FUEL  ZONE  COMBINATIONS  TESTED 

The  stability  testing  conducted  on  the  TF-30  augmentor  during  the 
course  of  this  program  followed  a  specific  test  plan.  A  matrix  of  test 
conditions  was  defined  for  each  augmentor  test  configuration  to  be  ex¬ 
amined.  Common  to  nearly  all  tests  was  a  sequence  of  afterburner  fuel 
distribution  schedules  based  on  the  five  (5)  zones  of  fuel  injection 
within  the  afterburner  or  on  combinations  thereof.  The  fuel  distribution 
schedules  were  identified  as  follows: 

ZO  Max  Military  Power,  Nonafterburning 

Z4  Fuel  zones  1,  2,  3i  and  4  on 

Z5  Fuel  zones  1,  2,  3,  4,  and  5  on  (Max  Afterburning) 

Z6  Fuel  zones  I,  3.  4,  and  5  only  (zone  2  off) 

11  Fuel  zones  1  and  3  only  (zone  2  off) 

Z8MIN  Fuel  zones  1,  3,  and  A  only  with  min  fuel  flow  to  zone  4 

Z8MAX  Fuel  zones  1.3.  and  4  only  with  max  fuel  flow  to  zone  4 

(zone  2  and  5  off) 

\ 

An  example  of  this  fuel  distribution  matrix  can  be  illustrated  by 
observing  the  conditions  of  Test  6.  This  test  required  an  examination  of 
a  conventional  TF-30  augmentor  (standard  screech  liner,  standard  flame- 
holder  assembly,  no  inlet  distortion  and  fueled  with  JP-4).  The  fuel  dis¬ 
tribution  matrix  for  this  test  was  as  follows: 

Run  Condi tipn  Procedure 

#1  ZO  Trim  the  engine  to  the  maximum  military 

power  setting  in  accordance  with  the 
TF-30-P1  engine  Technical  Order;  allow 
five  minutes  for  thermal  and  performance 
stability;  record  all  steady-state  and 
dynamic  operating  and  performance  parame¬ 
ters  1 

#2  Z4  Advance  throttle  to  position  providing 

fuel  zones  1,  2,  3.  and  4.  Zone  5  is  to 
remain  off;  allow  five  minutes  for  sta¬ 
bilization;  record  all  steady-state  and 
dynamic  operating  and  performance  parame¬ 
ters 
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Run 

#3 


#5 

#e 


# 7 


Condi tion 


15 


Z6 


Procedure 

Advance  throttle  to  full  afterburning-- 
zones  1,  2,  3.  4,  and  5  on.  Allow  for 
stabilization  and  make  full  recording  as 
described  above 

Same  as  Run  #3  except  zone  2  fuel  is  cut¬ 
off 


17 

Z8MIN 


Z8MAX 


Same  as  Run  #3  except  only  fuel  zones  I  and 
3  are  on 

With  fuel  zone  2  cut-off,  advance  throttle 
to  position  providing  minimum  fuel  flow  to 
zone  4  (i.e.,  zones  1,  3,  and  min  4  on). 
Repeat  stabilization  and  recording  procedure 

Same  as  Run  #6  except  throttle  is  positioned 
to  provide  maximum  fuel  flow  to  zone  4  as 
allowed  by  afterburner  fuel  control  schedule, 
zone  5  off 


Because  continuous  afterburning  imposed  a  high  heat  load  to  much  of 
i nternal  hardware  (i.e.,  f lameholders,  nozzle  flaps,  etc.),  a  cool- 
period  was  often  allowed  between  runs.  Afterburner  titanium  case 
temperatures  were  never  allowed  to  progress  above  150  degrees  F 
monitored  by  skin  thermocouples. 


the 

down 


as 


II  TS  n°ted  thV  dur'ng  thoSe  runs  when  intermediate  fuel  zones  were 
cut-off  (i.e.,  zone  2  at  Z8MAX  condition),  the  afterburner  fuel  control 
would  automatically  adjust  fuel  schedules  permitting  greater  fuel  flows  in 
the  operating  zones.  This  occasionally  resulted  in  apparent  improved 
thermodynamics  within  the  afterburner;  i.e.,  during  one  such  test  an  in¬ 
termediate  fuel  zone  was  cut-off,  a  fuel  shift  occurred  in  the  remaining 
zones,  and  although  total  fuel  flow  had  been  reduced,  engine  thrust  achieved 
approximately  the  same  level  as  existed  with  the  intermediate  zone  on. 

The  basic  fuel  distribution  schedule  described  herein  was  used  for 

ttt  writ  c°nf,9uratl°"  tested.  The  matrix  was  altered  only  during 

aSpaw  5n'n9Jd^  !UPP'y  tank  fuel  pump  f,ow  limitations.  During  the 

on?C  toezSJS  I3-"  0)i*th!  M?heSt  P0S5ib,e  fuel  Permitted  testing 

only  to  Zo.  Maximum  afterburning  could  not  be  examined. 


ANALYTICAL  MODELS  OF  THE  FUEL  ZONE  COMB  I  NAT  IONS 


Three  variables  in  the  combustion  instability  analysis  depend  explicitly 
on  the  amount  and  the  distribution  of  the  fuel:  the  mean  sonic  velocity  in  Y 
the  combustion  chamber,  the  distribution  of  the  through-flow  velocity  down¬ 
stream  of  the  flame-front,  and  the  magnitude  and  distribution  of  thuLmu 
content  of  the  Hold  (E,  enter, n9  thl  c^ustlon 


i  n 
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calculating  values  for  these  variables  in  the  study  of  the  TF-30-P1  augmen- 
tor  are  discussed  below,  and  the  specific  input  values  are  summarized. 

As  mentioned  above,  cutting-off  intermediate  fuel  zones  caused  a  re¬ 
distribution  of  fuel  in  the  operating  zones  because  of  an  automatic  fuel 
schedule  adjustment  made  by  the  augmentor  fuel  control  system.  The  total 
fuel  flow  observed  in  different  tests  during  operation  with  different  com¬ 
binations  of  fuel  zones  is  shown  in  Table  XV.  This  table  indicates  that  a 
simple  deduction  of  the  amount  of  fuel  supplied  in  each  zone  individually 
is  not  possible:  for  example,  the  total  ab  fuel  flow  is  greater  with  Zone 
2  off  than  with  Zone  2  on,  but  this,  of  course,  does  not  entail  that  the 
Zone  2  fuel  flow  rate  is  negative.  Fuel  manifold  pressures  for  each  zone 
were  recorded  throughout  the  test  program,  and  these  were  used  to  estimate 
the  amount  of  fuel  in  each  zone. 

Tab'e  XVI  shows  the  specific  fuel  split  assumed  in  the  analyses.  The 
same  fuel  splits  were  assumed  regardless  of  the  fuel  used  on  the  engine 
geometry  being  analyzed.  The  total  fuel  flow  for  each  zone  combination,  as 
shown  in  Table  XVI,  is  accordingly  a  representati ve  value  from  Table  XV. 
Using  representative  values  of  total  fuel  flow  in  the  analyses  rather  than 
changing  the  total  fuel  flow  when,  for  example,  studying  the  modified  flame- 
holder  not  only  reduced  the  computational  effort  involved,  but  more  impor¬ 
tantly  was  considered  to  be  more  instructive. 

The  fuel  flow  in  the  individual  zones  mixes  with  different  air  streams. 
The  analyses  assumed  that  all  of  the  Zones  1  and  5  fuel  mixed  with  the  tur¬ 
bine  discharge  stream,  while  Zones  2,  3,  and  4  mix  with  the  fan  stream. 

Zone  2  fuel,  which  is  pre-mixed  with  compressor  discharge  air,  was  assumed 
to  be  entirely  pre-vaporized  prior  to  injection  into  the  fan  stream. 


CALCULATION  OF  SONIC  VELOCITIES 

Two  assumptions  were  made  in  arriving  at  values  of  sonic  velocity  in 
the  combustion  chamber: 

1.  The  average  value  of  sonic  velocity  throughout  the  combustion 
chamber  corresponds  to  80  per  cent  of  the  total  temperature  rise 
produced  by  combustion. 

2.  In  the  case  of  the  cylindrical  afterburner  model,  the  average 
sonic  velocity  corresponds  to  the  numerical  average  of  the 
average  sonic  velocity  in  the  fan  stream  and  that  in  the  core 
stream. 

Upstream  of  the  flame-front  a  sonic  velocity  of  1600  ft/sec  was  assumed  in 
the  cylindrical  afterburner  solutions,  and  a  value  of  1 260  ft/sec  was  as¬ 
sumed  in  the  annular  ductburner  solutions.  The  sonic  velocities  and  noz¬ 
zle  total  temperatures  (100  per  cent  of  AT)  in  the  combustion  chamber  for 
various  zone  combinations  are  summarized  in  Table  XVII. 


145 


THROUGH-FLOW  VELOCITY  DISTRIBUTIONS 


The  combustion  instability  analysis,  as  presently  constituted,  recog¬ 
nizes  only  the  axial  component  of  the  through-flow  velocity.  Thus  the  very 
complicated  velocity  distribution  in  the  mixed^flow  augmentor  was  simpli¬ 
fied  in  the  present  study.  Specifically,  it  was  assumed  that  the  fan  and 
core  streams  could  be  evaluated  one-dimensional  I y  separately  (no  rftfxing 
across  streams),  but  that  the  inner  radius  of  the  fan  stream  varied  so  that 
the  static  pressure  in  the  two  streams  remains  the  same.  Then,  in  calcu¬ 
lating  the  through-flow  velocity  for  the  afterburner  analyses,  the  fan  and 
core  stream  values  were  averaged. 

The  one-dimensional  analysis  of  each  stream  assumed  constant  area 
heating  (Table  B.4  of  Reference  6)  in  two  steps:  the  first  involving  80 
per  cent  of  the  temperature  rise,  and  the  second  the  remaining  20  per  cent. 

An  isentropic  flow  analysis  was  made  before  and  after  the  second  step  of 
heating  to  determine  the  value  of  the  radius  between  fan  and  core  streams 
for  which  the  static  pressures  would  be  the  same.  In  calculating  the  rapid 
velocity  rise  across  the  flameholders.it  was  further  assumed  that  the  ve¬ 
locities  corresponding  to  80  per  cent  of  the  temperature  rise  occur  at  a 
distance  of  15  inches  downstream  of  the  flame-front  plane. 

The  input  values  of  through-flow  velocity  distribution  used  in  the  after¬ 
burner  analyses  are  shown  in  Figure  47,  and  those  in  the  ductburner  analyses 
are  shown  in  Figure  48.  The  mean  convection  velocity,  governing  combustion, 
was  assumed  to  be  the  value  15  inches  downstream  of  the  flame-front. 


ENERGY  CONTENT  DISTRIBUTION 

The  dynamics  of  the  fuel  mixing  upstream  of  the  flame-front  are  quite 
conr.pl  i  ca  ted.  In  the  combustion  instability  analyses  estimates  were  made  of 
the  radial  variation  of  the  fuel-to-air  ratio  for  the  various  fuel  zone 
combinations.  These  estimates,  based  on  Table  XVI,  assumed  radial  diffu¬ 
sion  except  across  the  (fictional)  interface  between  the  fan  and  core 
streams:  all  of  Zones  1  and  5  fuel  were  confined  to  the  core  stream,  and 
all  of  Zones  2,  3,  and  4  were  confined  to  the  fan  stream.__  Once  the  fuel- 
to-air  ratios  in  each  stream  were  stipulated,  values  of  jc  (energy  content  of 
fluid  per  unit  mass)  as  a  function  of  radius  were  determined  from  the  fol¬ 
lowing  equation: 


where  >iS  the  net  heat  of  combustion  of  fuel,  and  the  bracketed  mixture 
ratio  term  varies  radially  (essentially  from  zone  to  zone).  Plots  of  £ 
versus  radius  (with?  in  units  of  sonic  velocity  squared)  are  shown  in 
Figure  57  for  each  of  the  six  fuel  zone  combinations  examined  in  the 
study.  The  "dividing  line"  between  the  fan  and  core  streams  is  at  70 
per  cent  of  the  outer  radius.  The  fan  stream  fuel  distribution,  by 
itself,  was  used  in  the  ductburner  solutions. 
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appendix  VI 


\ 
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INSTRUMENTATION 


The  main  objective  of  the  test  program  was  to  investigate  the  combus¬ 
tion  stability  characteristics  of  the  augmentor  using  conventional  high 
response  pressure  instrumentation.  The  main  engine  was  also  instrumented 
with  steady-state  pressure  and  temperature  instrumentation  to  permit  a 
continuous  evaluation  of  basic  engine  performance  throughout  the  test  pro¬ 
gram.  Much  of  the  steady-state  instrumentation  was  required  to  define 
the  flow  field  conditions  (both  fan  and  core  streams)  entering  the  augmen¬ 
tor. 


STEADY-STATE  INSTRUMENTATION 

Figure  50  illustrates  the  approximate  axial  and  circumferential  loca¬ 
tions  of  all  steady-state  instrumentation  installed  on  the  test  engine. 

Chroma  1 -a lumel  thermocouples  were  installed  in  the  bellmouth  inlet  screen 
to  monitor  inlet  air  temperature  to  the  engine  and  to  detect  exhaust  recir¬ 
culation,  a  test  cell  problem  described  in  Chapter  III.  Chromal-alumel 
thermocouples  were  also  employed  in  all  downstream  temperature  rakes  and 
probes,  the  outputs  of  which  were  recorded  by  the  NLS  data  acquisition  system. 
All  pressures  (both  static  and  total)  were  sensed  with  C.E.C.  pressure  trans¬ 
ducers  and  recorded  by  the  NLS  system.  In  addition  to  this  basic  flow  path 
instrumentation,  several  on-board  engine  sense  points  were  monitored,  such 
as  interspool  pressure  (PS3),  compressor  discharge  pressure  (PS4),  combustor 
exit  temperature  (TT5)  and  afterburner  fuel  zone  manifold  pressures.  Fuel 
flow  to  the  main  engine  and  the  augmentor  were  monitored  independently  using 
turbine-type  flow  meters. 

The  engine  test  stand  was  a  floating,  parallel  rail  thrust  stand  equipped 
with  dual  20,000  pound  load  cells.  The  basic  stand  is  designed  for  engines 
employing  parallel  thrust  support  mounts;  however,  the  TF-30  mounting  system, 
as  required  by  the  airframe,  is  one-side  only  resulting  in  a  nonparallel  load¬ 
ing  of  the  thrust  cells.  Although  thrust  was  not  a  critical  parameter  during 
this  test  program,  the  stand  was  calibrated  prior  to  test  initiation  to  per¬ 
mit  approximate  thrust  monitoring.  General  thrust  levels  wp^e  consistent 
with  engine  specifications  at  most  operating  points. 


DYNAMIC  INSTRUMENTATION 

The  dynamic  instrumentation  consisted  of  eight  high  response  pressure 
transducers,  four  at  each  of  two  axial  locations  on  the  augmentor  case-- 


Combustor  exit  temperature  on  the  TF-30-P1  is  determined  indirectly  as  a 
function  of  turbine  discharge  temperature,  compressor  discharge  temperature 
and  engine  inlet  temperature  as  measured  by  on-board  thermocouples. 
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flameholder  plane  and  screech  liner  exit  plane.  Figure  50  illustrates  the 
circumferential  location  of  the  instrumentation.  Kistler  Model  603L,  ac¬ 
celeration  compensated  transducers  where  used.  Each  transducer  was  installed 
in  a  special  water  cooled  housing;  however,  early  in  the  test  program  a  water 
cooling  requirement  for  the  transducer  was  eliminated  when  it  was  found  that 
maximum  case  temperatures  at  full  afterburning  never  exceeded  1 50  degrees  F. 
This  was  within  the  thermal  limits  of  the  transducers. 

A  first  resonance  analysis  of  the  sensing  tube  to  the  transducer  was 
made  prior  to  its  installation  in  the  afterburner.  The  first  resonant 
frequency  of  the  sense  tube  was  found  to  be  two  times  higher  than  the  high¬ 
est  frequency  of  interest  (5000  Hz)  and  was  considered  acceptable  for  the 
purposes  of  this  program. 

As  illustrated  in  Figure  50,  eight  Kistler  transducers  were  installed 
at  the  augmentor  case  locations  identified.  Two  of  the  eight  transducers, 
one  at  each  axial  station,  were  capped  in  order  to  monitor  vibration  and 
background  noise  levels  at  each  station.  The  transducer  sensing  tubes 
were  mounted  in  a  sliding  sleeve  plate  attached  to  the  inner  afterburner 
cooling/screech  liner  permitting  lateral  movement  resulting  from  normal 
vibration  and  thermal  growth  during  augmentor  operation. 

High  temperature  Microdot  cabling  was  used  to  connect  the  transducers 
to  the  Kistler  Model  504A  charge  amplifiers  (see  Figure  32).  Since  small 
movements  in  the  Microdot  cabling  can  cause  a  signal  shift,  care  was  taken  to 
secure  firmly  the  cabling  to  structural  members  of  the  engine  and  stand, 
thus  minimizing  such  movements.  Unfortunately,  the  charge  amplifiers  had 
to  be  located  as  near  the  engine  as  possible  to  minimize  Microdot  cable 
length.  As  a  result,  the  charge  amplifiers  were  continuously  subjected  to 
intense  noise  and  stand  vibration  during  augmentor  operation.  The  charge 
amplifiers  were  mounted  in  a  specially  insulated,  thermally  controlled, 
and  shock-mounted  case  to  minimize  amplifier  performance  deterioration  and 
damage.  The  severe  environment,  however,  still  caused  an  average  of  two 
amplifier  failures  out  of  the  eight  used  during  each  augmentor  test.  Con¬ 
sequently,  a  full  calibration  of  all  dynamic  instrumentation  was  conducted 
before  and  after  each  test.  If  the  pretest  calibration  of  the  amplifiers 
shifted,  a  retest  was  accomplished. 

The  output  signals  from  the  charge  amplifiers  were  transmitted  via 
coax  cable  to  DANA  Model  2000  DC  amplifiers  to  provide  a  more  accurate 
control  of  the  low  charge  amplifier  output  signal  and  to  insure  signal 
compatibility  with  the  AMPEX  FR  1300  Analog  Recorder.  A  schematic  of  the 
analog  circuitry  as  described  herein  is  given  in  Figure  51.  An  oscillos¬ 
cope  was  used  with. each  analog  signal  to  monitor  amplitude  levels  and  per¬ 
mit  appropriate  gain  adjustments  prior  to  recording  on  the  AMPEX  Recorder. 

In  addition,  5000  Hz  Kistler  Filters  Model  5^4A5  were  used  between  the 
charge  and  DANA  amplifiers  to  eliminate  all  signal  activity  above  the  fre¬ 
quency  of  interest. 

\ 

The  AMPEX  FR  1300  Analog  Recorder  identified  above  was  a  14  channel  FM 
system  permitting  both  record  and  play-back  of  the  high  response  pressure 

\ 

\ 

\ 
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signals.  Consequently,  the  same  system  could  be  used  for  recording  each 
test  and  later  reducing  the  data  through  the  spectrum  analysis  equipment 
described  in  Appendix  VII. 


HIGH  SPEED  PHOTOGRAPHY 

A  Fastax  camera  was  insrolled  in  the  exhaust  ejector  of  the  test 
cell  to  record  instabilities  in  the  augmentor.  The  camera  can  be  seen 
clearly  in  Figure  35.  The  high  speed  film  obtained  displayed  the  tan¬ 
gential  characteristics  of  the  400  Hz  oscillation. 
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APPENDIX  VII 


DATA  REDUCTION 


During  the  course  of  this  program  two  basic  data  acquisition  systems 
were  used  to  record  steady-state  and  high  response  performance  information 
at  each  test  condition.  The  input  instrumentation  used  with  these  record¬ 
ing  systems  is  described  in  Appendix  VI. 


STEADY -STATE  INFORMATION 

The  millivolt  output  signals  from  the  steady-state  pressure  and 
temperature  sensors  on  the  engine  were  recorded  on  a  Non-Linear  Systems 
(NLS)  Data  Acquisition  System.  The  NLS  system  is  a  medium  speed  con¬ 
tinuous  scanning  recorder  capable  of  recording  up  to  a  rate  of  15  channels 
per  second.  For  this  test  a  total  of  54  channels  of  test  data  were  recorded 
on  each  scan.  Between  recordings,  continuous  single  channel  monitoring  was 
used  to  note  signal  drift  and  instrument  response  time  during  engine  power 
level  changes.^  The  allowable  input  voltage  range  to  the  recorder  was  ±10 
millivolts  to  ±10  volts  permitting  the  use  of  conventional  nonamplified 
pressure  and  temperature  instrumentation.  When  required,  gain  changes  inter¬ 
nal  to  the  recorder  could  be  made  to  improve  readout  quality  and  accuracy. 

To  assure  recording  accuracy  on  the  magnetic  tape  system,  a  fixed  input 
nal  of  +1.57  volts  was  used  throughout  the  program  for  first  channel  identi¬ 
fication.  The  data  tape  was  processed  with  a  special  reduction  program  using 
a  CDC  6600  computer  converting  the  recorded  information  to  engineering  units, 

Occasionally,  the  cross-bar  scanner  of  the  recorder  would  fail  to  regis- 
ter  the  first  channel,  resulting  in  a  record  error.  To  preclude  the  possi¬ 
bility  of  losing  a  complete  data  run,  the  more  important  steady-state  parame¬ 
ters  were  displayed  on  the  engine  operator's  control  panel.  These  parameters 
were  hand  recorded  during  each  run.  However,  the  automatic  recorder,  when 
functioning  properly,  provided  more  accurate  information  because  of  its  in¬ 
stant  response  capability. 


DYNAMIC  INFORMATION 


The  high  response  pressure  information  from  the  Kistler  Transducers  was 
recorded,  following  signal  amplification  and  conditioning,  on  a  14  track 
AMPEX  FR  1300  Analog  Recorder.  The  tape  was  then  reduced  to  a  graphic  pre¬ 
sentation  of  pressure  oscillation  amplitude  in  volts  (RMS)  versus  oscilla¬ 
tion  frequency.  The  frequency  range  of  interest  was  5  Hz  to  5000  Hz.  The 
following  equipment  was  used  to  reduce  the  analog  tape  information  to  the 
plotted  information  described  above: 


To  assess  the  significance  of  an  analog  signal  prior  to  initiating  a 
full  reduction,  an  occassional  oscillograph  recording  was  made  from 
selected  channels  of  a  particular  run.  If  the  oscillation  characteristics 
appeared  significant,  then  a  full  spectral  analysis  was  conducted. 
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3.  Spectral  Dynamics  Corporation  SD112-I  Vol tmeter/Frequency 
Log  Converter. 

4.  Hewlett-Packard  700QA  X-Y  Recorder. 

5.  AMPEX  Bin  Loop  Recorder  (FB-400) . 

The  analog  reduction  system  layout  is  illustrated  in  Figure  52. 

The  following  important  settings  were  made  to  the  spectral  analysis  equip¬ 
ment  prior  to  initiating  an  analog  data  plot  to  insure  an  optimum  analysis 
of  the  recorded  signals: 

1.  Filter  Select  Switch  on  the  SDI01B:  In  all  cases,  the  band  pass 
filter  had  a  bandwidth  of  5Hz. 

2.  AC  Response  Switch  on  the  SD112-1:  This  switch  was  placed  in  the 
slow  response  position  (8  db/sec  nominal)  to  give  a  more  readable 
plot  by  eliminating  much  of  the  small  but  rapid  oscillations  of 
the  plotter  pen  and  to  minimize  pen  overshoot. 

3.  Sweep  Speed  on  S D 1 04A - 5 :  A  sweep  speed  of  0.5  decade/minute  was 
used.  This  was  considered  slow  enough  to  identify  all  amplitude 
peaks;  however,  the  sweep  speed  was  decreased  by  a  factor  of  10 
in  the  immediate  vicinity  of  those  points  of  greatest  interest  to 
provide  more  accuracy  and  to  minimize  pen  undershoot. 


OSCILLOGRAPH  REDUCTION 


To  assess  the  significance  of  an  analog  signal  prior  to  initiating  a 
full  reduction  using  the  equipment  described  in  2.  above,  an  occassional 
oscillograph  recording  was  made  from  selected  channels  of  a  particular  run. 
If  the  oscillation  characteristics  appeared  significant,  then  a  full  spec¬ 
tral  analysis  was  conducted. 
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APPENDIX  VIII 


A  SUMMARY  OF  THE  COMBUSTION  INSTABILITY  MODEL 


NREC's  instability  model  has  been  described  in  various  detail  in 
References  1  through  4.  This  appendix  presents  a  skeletal  summary  of 
the  principal  equations  and  their  solutions.  The  reasons  for  construct 
ing  the  model  in  the  way  we  did  are  best  found  in  Reference  4,  and 
systematic  derivations  are  in  References  1  and  2. 


THE  BASIC  MODEL 

Combustion  instability  is  a  self-excited  acoustic  resonance.  The 
general  governing  equation  is  therefore  a  variant  of  the  standard  wave 
equation: 


x 

7  •  JJ  V  7  +  7  =  h  (4  >  ,  u)) 


(VI 1 1  -i) 


where  C0  is  the  sonic  velocity,  Ro  is  the  outer  radius,  u)  is  the 
angular  velocity  of  the  oscillation,  and  is  a  nond i mens i ona  1  i zed 
pressure  oscillation: 


where 
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(VI  I  1-2) 


(VI  I  1-3) 


For  simplicity  it  is  assumed  that  the  only  significant  variation  in 
sonic  velocity  in  an  augmentor  can  be  approximated  as  a  step-change  at 
a  flame-front.  In  other  words,  the  augmentor  is  assumed  to  be  separated 
axially  into  two  chambers,  in  each  of  which  the  sonic  velocity  remains 
uniform.  The  general  governing  equation  can  then  be  put  in  a  more  man¬ 
ageable  form: 


+  k-  Jft 


(VI II -4) 


where  the  subscript  i>  designates  the  augmentor  chamber,  and  is  a  non 
dimensional  wave  number: 


Rc 


(VI I  1-5) 


The  eigenvalue  problem  is  completed  by  appropriate  boundary  equa 
tions.  At  the  upstream  and  downstream  ends,  respectively: 
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(VI 1 1-6) 
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where  A  is  the  acoustic  admittance  ratio, M  is  the  Mach  number,  and  o 
and  i  correspond  to  the  upstream  and  nozzle  ends,  respectively.  At  the 
outer  and  inner  wails  of  the  annulus,  respectively: 


i-  kz 
V  c in. 


i  . 


~ <4  k* 
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where  the  subscr  i  pts  0.  and  k  pertain  to  the  outer  and  inner  boundaries. 
In  the  case  of  a  cylindrical  afterburner,  there  is  no  inner  boundary. 


Finally,  the  function  h  in  the  general  governing  equation  treats 
unsteady  heat  release,  through-flow,  and  unusual  boundary  effects 
Formally,  the  function  is  defined  as  follows: 


U  X  ,  ?  ,  cu)  =  J 


(k-l)  / 

P 


^  (& ,  i  + 


(VI  I  1-8) 


/ 

where  A'-o  i s  the  oscillatory  component  of  the  local  heat  release  rate  per 
unit  volume,  and  the  funct  ions and  U'  pertain  to  boundary  and  throuqh- 
flow  effects,  respectively. 
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Equations  V  I  II -4  through  VIII  -8  define  a  comp) ex-va I ued  eigenvalue 
problem  in  terms  of  0}  ,  with  eigenfunctions  or  mode  shapes  tj  defining 
the  distribution  of  the  pressure  wave  in  the  augmentor. 


FORMAL  SOLUTION  OF  THE  MODEL 


NREC  uses  a  perturbation  method  to  develop  a  first  order  approxi¬ 
mation  to  the  eigenvalue^.  Consider  first  the  standard  acoustics 
problem  (  H  =0)  with  the  same  boundary  equations: 

V1 ’ll  +  (h if  Tjl  =  0  (viii -9) 

The  solution  of  this  problem  by  separation  of  variables  is  straight¬ 
forward,  so  that  the  acoustic  eigenvalue  cO°  and  the  normalized  acoustic 
mode  shape  can  be  determined  explicitly.  Normalization  here  entails: 

iL  ///  t  ^  *  0  (viM-10) 

i  ~  1 

where  A  indicates  complex  conjugation.  Substitution  of  the  acoustics 
solution  into  the  right-hand  side  of  the  governing  equation  then  pro¬ 
duces  a  non-homogeneous  wave  equation  in  terms  of  and  >/‘  : 


^  (b  1  V*  .  ^  ) 


(VI  I  1-1  1) 


The  equation  is  readily  solvable  by  Green's  function  techniques.  In  par¬ 
ticular 


(g o°Y  +  (viii-12) 


1 

NREC  accepts  as  an  adequate  approximation  of  the  eigenvalue  ^ . 


The  real  part  of  CO  defines  a  frequency  of  oscillation  and  the 
imaginary  part,  a  logarithmic  decrement: 


i 


REAL 


(Vli 1-13) 


5  :  -  ITT-  I  MAG  /iREAL  -jooj  (VII  1-14) 

Distinct  values  are  determined  for  each  mode--  i.e.,  for  each  eigenvalue 
UJ  • 


The  e i genva 1 ue  of  each  mode  suffices  to  determine  an  oscillation 
frequency  and  decrement.  The  function  h,  however,  and  some  of  the 
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boundary  admittances  vary  nonlinearly  with  the  fluid  oscillation  ampli¬ 
tude.  Thus,  by  assuming  different  values  of  amplitude,  one  can  obtain 
a  sequence  of  solutions  tor  frequency  and  decrement,  as  plotted  in  the 
sketch.  In  the  example  shown  the  decrement  is  positive  for  small  ampli¬ 
tudes,  so  that  the  mode  in  question  is  damped  until  an  initial  distur¬ 
bance  component  in  excess  of  the  indicated  threshold  occurs.  Once  the 
threshold  is  exceeded,  the  oscillations  grow  (the  decrement  is  negative) 
until  equilibrium  is  reached  at  the  sel  f-susta  i  rt  i  ng  amplitude,  corres¬ 
ponding  to  which  is  a  distinct  frequency.  When  the  decrement  never  be¬ 
comes  negative,  the  mode  is  simply  stable. 


f 


fj  €  d 


5 


/ua  future 


The  ultimate  solution  of  the  combustion  instability  model,  then,  is  the 
graphically  determined  threshold  and  self-sustained  amplitudes  and  fre¬ 
quencies  of  each  mode. 


THE  HEAT  RELEASE  MODEL 

The  local  heat  release  rate  is  assumed  to  consist  of  a  mean  and  of 
an  oscillatory  component: 

Mi  (x.)  =  prc  (Xs)  -t  aTc  (x)e  (vi 1 1-15) 

NREC's  major  contribution  is  to  construct  a  model  of  the  heat  release 
rate  in  terms  of  physically  interpretable  variables,  which  can  hence 
be  examined  experimentally. 

The  central  assumption  in  the  heat  release  analysis  is  that  the 
local  energy  release  occurs  at  a  rate  proportional  to  jthe  local  con¬ 
centration  of  unburned  fuel.  It  is  also  assumed  that  the  mean  combus¬ 
tion  is  governed  by  a  single  characteristic  rate  (or,  inversely,  a 
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characteristic  time),  which  may  however  be  sensitive  to  fluctuations  in 
thermodynamic  properties.  This  phenomenological  approach  leads  to  an 
intuitively  satisfying  expression  for  the  local  value  of  the  mean  volu¬ 
metric  heat  release  rate: 


hfc  =  {'Ro3lA*-c  r) 

r 


(VI 1 1-16) 


where  /O  ij  the  mean  fluid  density,  Ac  is  the  mean  axial  convection 
velocity,  T  is  the  mean  characteristic  time  required  for  combustion  of 
a  fluid  particle,  and  £  is  the  mean  chemical  energy  content  per  unit 
mass  of  the  fluid  entering  the  combustion  chamber.  The  spatial  dis¬ 
tribution  of  the  fuel  is  accounted  for  by  radial  and  circumferential 
variations  of  £f  . 


The  oscillatory  heat  release  rate  is  then  defined  in  terms  of  the 
mean  heat  release  rate  via  a  perturbation  of  Equation  VIII-16: 


The  key  attribute  of  the  model  is  its  accounting  for  the  cumulative 
effects  of  oscillatory  combustion  upstream  of  each  point  of  interest. 
Also,  the  quantity  of  ultimate  concern,  M-rc  ,  _depends  on  the  spatial 
distribution  of  the  mean  heat  release  rate,  . 


COUPLING  MECHANISM  MODELS 


The  two  variables  E  and  T  are  physically  interpretable,  but  as¬ 
signing  values  to  them  for  a  specific  augmentor  is  not  a  simple 
theoretical  exercise.  It  is  recognized  that  pressure  and  velocity 
fluctuations  affect  £  and  V  ,  so  that  what  is  needed  to  complete  the 
combustion  instability  model  are  functions  of  the  following  form: 
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L'  f  ,  (£  £') 

Y  '  T  \  p  >  /JL  J 


if 

(£ 

'  P  ; 

7l  > 

(VII 

1-19) 

h'  1 

( £ 

M.'  \ 

i  p  , 

A  ) 

(VII 

1-20) 

The  physical  mechanisms  thought  to  govern  these  functions  in  augmentors  are 
turbulent  mixing,  chemical  kinetics,  and  droplet  atomization,  vaporiation, 
and  burning.  The  effects  of  such  mechanisms  on  T  and  £  must  be  defined  via 
appropriate  experiments.  The  above  functions  are  not  considered  amenable 
to  a  purely  theoretical  treatment. 

To  generate  solutions  from  NREC's  model,  some  specification  is  needed 
of  the  above  coupling  mechanism  functions.  Without  an  experimental  pro¬ 
gram,  any  such  choice  must  be  crude.  NREC's  programs  have  been  constructed 
with  provision  for  the  following  functional  forms: 


injgcTcfK 


(VI  I  1-21) 


_  'V 

r  -  C7  rd 


(VI  I  1-22) 


—  C  ~  ±  C  (  ^ 

I*  *  (VI  I  1-23) 

where  T*  is  the  "design"  characteristic  time,  in  the  absence  of  fluid  os- 
ci 1 lations. 


As  discussed  in  detail  in  Chapters  IV  and  V  of  the  report,  a  very 
simple  model  of  droplet  vaporization  was  used  to  assign  values  to  , 

£3.  •  and  ?j(see,  for  example,  Equations  3  through  7  of  Chapter 

IV).  In  an  effort  to  predict  sustained  amplitude  levels,  a  numerical 
definition  of  was  also  devised,  with  an  interpretation  of  the  values 
stated  in  terms  of  turbulent  mixing.  Developing  correct  functions  (or 
coefficients)  for  the  coupling  mechanisms  remains  a  task  for  the  future. 
What  light  has  been  cast  on  the  problem  in  the  current  study's  comparisons 
of  predicted  and  observed  instabilities  is  examined  in  the  main  text. 
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APPENDIX  IX 


MODIFICATIONS  OF  PROGRAMS  HLMHLT  AND  REFINE 


Several  modifications  of  the  previously  developed  computer  programs 
were  made  during  the  current  effort.  Five  of  these  represent  corrections 
of  errors,  and  the  remainder  provide  either  ease  of  use  or  more  accurate 
modelling.  The  changes  are  described  below,  and  updated  Fortran  listings 
are  given  in  Appendix  X. 


PROGRAM  HLMHLT 

1.  CYFUN:  Calculation  of  the  derivative  of  the  Bessel  function  of 
the  second  kind  (Y)  was  erroneous  in  the  original  program.  Two 
cards  have  been  modified: 

a.  Statement  defining  FNP  just  before  Statement  100. 

b.  Statement  defining  FNP  just  before  Statement  600. 

Only  ductburner  results  are  affected  by  the  change. 

2.  AX FUN :  An  error  in  AXFUN  was  discovered,  again  in  a  derivative 
formula,  which  had  the  effect  of  preventing  convergence  in  some 
Newton-Raphson  iterations.  Both  of  the  definitions  of  F2P  are 
correctly  functions  of  0,2,  not  of  G2  as  in  the  original  program. 

3.  HLMHLT :  Statements  from  6600  to  6800  have  been  added  to  provide 
the  additional  print-out  of  the  correct  value  of  the  Chamber  2 
mode  shape  coefficient.  In  the  original  program  this  coefficient 
was  hand  calculated,  using  the  chamber-to-chamber  amplification 
coefficient.  The  new  output  coefficient  is  defined  by  the  follow- 
i  ng  product : 

r  ' 

c 

, u, K 

Thus  when  =  1.0,  as  is  standard  in  most  cases,  all  in 

put  data  required  by  REFINE  is  now  defined  by  HLMHLT. 

4.  HLMHLT:  The  sign  of  the  radial  mode  shape  coefficient,  CIO, 
was  wrong  in  the  original  program.  The  card  shortly  before 
Statement  6050  has  been  corrected  accordingly.  Equation  1-30 
of  Reference  2  should  also  be  corrected  to  read: 
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This  error  affects  only  the  annular  ductburner  results. 


PROGRAM  REFINE 


1. 

The  major  change  is  to 

input  the 

radial  component  of  £  not 

as  a  parabola,  but  as 

a  table  of 

values  at  the  end  of  the 

complete 

REFINE  input. 

The  table 

i  s  i nput  as  fol 1 ows : 

Li  ne 

Location 

Type 

1 

Input  Item 

Descr i ption 

16 

1-6 

NMUQ 

Number  of  entries  in  in¬ 
put  table:  26NMUQ6.21 

17 

1-12 

R 

RMUQ(I) 

The  smallest  value  of  £  = 
R/Re  at  which  f?  has  a  non¬ 

zero  val  ue 

13-24 

R 

XMUQ(l) 

The  value  of  at  RMUQ(l) 

25-36 

R 

RMUQ(l) 

37-48 

R 

XMUQ{1) 

etc.,  until  all  input  values  are  accounted  for.  The  values  of 
£^are  then  calculated  as  follows: 

*  /V^V  ♦  Mi  A  +Aj) 

where  is  defined  by  linear  interpolation  in  tne  table. 

This  addition  to  REFINE  permits  a  far  more  accurate  represen¬ 
tation  of  the  radial  distribution  of  the  fuel  than  in  the 
original  program. 

Three  subroutines  were  modified  in  effectuating  this 
change: 

a.  REFINE: 

(1)  a  new  COMMON  block,  /MUQ/,  was  added 

(2)  new  I/O  cards  were  introduced  shortly  after  State¬ 
ment  500 

b.  FUNGEN: 

(1)  a  new  COMMON  block,  /MUQ/,  was  added 
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(2)  Statement  230  was  replaced  as  follows: 

230  CONTINUE 

CALL  INTERP  (R,  Q) 

c.  INTERP:  A  new  subroutine  was  added  to  the  program  for 
linearly  interpolating  in  the  My  input  table. 

2.  A  second  change,  made  in  REFINE,  was  to  restrict  the  optimal 
dump  output. of  the  various  functions  so  that  it  will  include 
only  the  axial  mode  shape.  This  restricted  form  of  the  dump 
output  is  obtained  only  when  KDUMP=2;  when  KDUMP=0,  no  dump 
output  occurs,  and  when  KDUMP=I ,  all  dump  output  occurs.  Six 
cards  have  been  added  to  the  REFINE  source  deck,  and  another 
card  has  been  modified,  as  follows: 


LI  =  1 


L2=28 

IF  (KDUMP  .NE.  2)  GO  TO  1195 

L 1 =1 3 

L2=14 

1195  CONTINUE 

00  1200  L=L1  ,  L2  (modified) 

3.  A  third  change  eliminates  the  need  to  repeat  mode  shape  input 
when  only  the  assumed  amplitude  level  is  changing.  When 
K0NTRL  —2),  the  program  requires  only  two  lines  of  input  as 
fol lows: 

Line 

3  Same  as  Line  7  when  K0NTRL<  20 

4  Same  as  Line  8  when  K0NTRL£20 

The  formats  remain  the  same  as  on  pages  70  and  71  of  Reference 
3.  The  change  is  accomplished  by  by-passing  the  two  mode 
shape  input  statements,  just  before  Statements  380  and  410, 
respectively. 

4.  QYFUN :  Three  cards  immediately  preceding  Statement  100  have 
been  corrected.  The  original  program  calculated  an  erroneous 
radial  distribution  of  the  mode  shape  in  the  case  of  annular 
ductburners.  With  these  corrections  the  radial  component  of 
the  mode  shape  satisfies  the  boundary  conditions  properly. 
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5.  FUNGEN  and  NTGRAT :  The  correct  equation  for  the  unsteady  heat 
release  rate  is  given  below  (see  Ref  4,  Equation  20): 


In  the  original  program  the  E //£  term  was  treated  erroneous 
as  a  local  value  rather  than  as  a  convected  value.  That  is, 
the  program  used 


jp  (*,  ®>  <5,  ^ 


y 


rather  than 


S' 

£ 


t- 


Xc  ) 


This  error  has  been  corrected  by  changing  the  following  cards: 


a.  In  FUNGEN ,  just  after  Statement  310,  the  cards  defining 
H3F (j) ,  HEFP(J) ,  HEPP(J),  have  been  modified  to  account 
for  a  convected  effect  of  B.  at  the  flame-front. 


b.  In  NTGRAT.  before  Statement  300,  the  cards  defining 
0MEG2E  have  been  revised  to  eliminate  reference  to 
Q.NHRF  (now  clearly  incorporated  in  the  above  functions). 

This  correction  appears  to  have  only  a  minor  effect  on  results. 
Specifically,  it  mostly  changes  the  phase  relation  between 
£*  and  at  every  point  downstream  of  the  flame-front. 
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APPENDIX  X 


COMPUTER  PROGRAM  LISTING 


ON'  ?.3  — PSH  LEVEL  ?9n 


PROGRAM  HLMHLT ( TNPUT .OUTPUT, TAPE5« INPUT * TAPE6»0UTPUT) 

COMPLEX  QAO,UAL*OAA<2) ,QAB(?) *GQFF .QQFP.QQGF .GGGP.QQKP (5*5*2) 
COMPLEX  XJ 

COMPLEX  AO.AL*AA,AB.QFF.OFP.OGF*GGP.ALP*«NP,QKP 
COMPLEX  QFLl  *QFt  2 

COMPLEX  FN.FNP.ClG (5.5*2) ,C2Q (5*5,2) *C3G(5*5> 

DIMENSION  UO ( 2 ) 

DIMENSION  T I TLE (1 2) 

DIMENSION  XL0(2) 

COMMON/D I M/RO ( 2 ) ,RI (2).XL(?> *CO(2) .INRAD 

COMMON/BOUN/AO (G*5) *AL<5.5) ,AA (5*5,2) *AB (5*5.2) .OFF (5*5) *0FP(5*5) 
)  OGF<5*5) ,GGP(G,5) 

COMMON/WAVE/M, ALP(5. 5*2) *QNP(5*5*2) *GKP(5*5,2) 
COMMON/RANGF./ALoAN(3*2)  ,XNRAN(3)  ,kst*kxg.kstp*lst*lpq,lstp*nrq 
10  DO  100  L  =  1  *5 
DO  100  Kal*5 
DO  100  Ial,2 
ALP(L*K*I)a(0. 0*0*0) 

ONP(L*K,I) a(O.O.O.O) 

QKP  (I.  *K,I)  =  (O»0t0»0) 

QQKP(L*K.I)a(0, 0*0*0) 

100  CONTINUE 

READ  (5.9000)  TITLE 

READ  (5*9010'  M,KST.KSTP.KX(3.LST.LSTP*LR0.N«0*ITER.ITYPE 
IF(KXQ*LRO*M  .IE*  0)  STOP 
WRITE  (6.9200)  TITLE 
DO  200  Ial,2 

READ  (5*9020)  RO ( I ) *RI ( T ) *XLO ( I ) . CO ( I ) *UO ( I ) . INRAO 
WRITE  (6*9210)  I  *  RO (I) *RI (I)  *XLD ( I ) *  CO ( I ) *  UO  < I ) 

UO(T)*UO(I)/CO(T) 

XL ( I ) *XLO ( I ) /HO ( I ) 

200  CONTINUE 

WRITF (6.9220) 

IF ( IT VPE  «GE*  0)  GO  TO  250 
WRITF  (6*9225) 

QAOa ( 0 • 0  *  0 • 0 ) 

OAL«(0. 0*0.0) 

DO  220  I«1 *2 
QAA(I)a(0.0*0.0) 

OAR  ( I )  a  (  0 . 0 . 0  •  0 ) 

220  CONTINUE 

QQFFb(1.0*0.0) 

OOFPa ( 0 • 0  t  0  •  0 ) 

OOGF« ( 0  *0  *  0  *0 ) 

QQGPa(RO(2)/HO(l ) ) ♦ < CO  < 1 )/CO(2) )  **2 

lADMITafl 

GO  TO  280 

250  READ  (5,9030)  OAO.QAL 
WRITF  (6,9230)  OAO.QAL 
PEAO(5*9030)«AA(1) *  QA8 ( 1 ) 

WRITE  (6.9240)  OAA ( 1 ) *OAR ( 1 ) 

READ (5*9030)  QAA (2) ,QA« (?) 

WRITF  (6.9250)  QAA (2) *OAB (?) 

WRITE  (6,9260) 


0*  2.-*  —  P$R  LEVEL  29R—  HLMHLT 

READ  (5.9010)  I  ADMIT 

IF  (IAOM1T  ,GT.  0)  WRITE  (6.9270) 

READ (5.9030)  QQFF.QQFP 
WRITE (6.92R0)  QQFF.QQFP 
READ (5*9030 )QQGF.QQGP 
WRITE  (6.9290)  OGGF.QQGP 

280  Ba(RO(2)*CO(l)/(RO(l)*CO(2)))**2  . 

.  RPaSQRT ( B ) 

IF  ( I  TYPE  .LE.  0)  GO  TO  500 
00  300  I  a  1 . 2 

DO  300  L=ISTP.I_R<3  . . 

REAO  (5.9030) (ALP(L.K.I) .KbkSTP.KXQ) 

300  CONTINUE  -  - 

DO  350  LaLSTP.LRQ 

READ  (5.9030)  (ONPd.K. 2)  .KaKSTP.KXQ)  ' 

DO  350  KaKSTP.KXQ 

QNP (L.K. 1 ) eCSQRT ( ( QNP <L ♦ K * 2 ) **2* ALP ( L * K « 2 ) *«2) /B-ALP  (L.K. 1 ) o*2> 
350  CONTINUE 

DO  400  Is  1 . 2  .  . — - - - - 

DO  400  LaLSTP.LRQ 

DO  400  KaKSTP.KXQ  . "  "  ”  ~ . 

QUKP(L.K,  I)  sCSQRT(ALP(L.K,I)#*2*QNP(L»K.I)<»*2> 

QKP (L  »K , I ) aQQKP (L.K. I )  - -  -  - - - - - 

400  CONTINUE 

GO  TO  650  . .  .  - 

500  DO  550  1=1,2 

READ  (5.9030)  (ALRAN(K.I)  ,Kal,3)  .  .  . . - 

550  CONTINUE 

READ  (5,9030) (XMRAN(K) .Ksl, 3)  - - 

IF  (ITYPE  .LT.  0)  GO  TO  650 

DO  600  LaLSTP.LRQ  "  "  .  . 

READ  (5,9030)  (OQKP (L.K, 2) .KaKSTP.KXQ) 

DO  600  KaKSTP.KXQ  . .  .  "  ~ .  .  " 

QQKP (L»K,1)=QQkP(L.K*2)/RP 

600  CONTINUE  .  . . . — - - - 

650  XJaCvPLX(0.0»l .0) 

ITERQPaO  .  " . . . . * 

660  DO  700  LaLSTP.LRQ 

DO  700  KaKSTP.KXQ  .  . .  . .  .  "" 

IF  (ITYPE  ,GE.  0)  GO  TO  665 

QFLlaO.O  ’  - - - - 

QFL2=0 • 0 

GO  TO  668  . .  . 

665  CONTINUE 

OFL1sQNP(L.K»1)/QQKP(L»K.1) . '  . 

QFL2aQNP(L»K,2)/QQKP(L,K,2) 

IF  (UO ( 1 )  .EG.  0.0)  QFLlaO.O 
IF  (UO (2)  .EG.  0.0)  QFL2=0.0 
668  CONTINUE 

A0(L.K)aXJ*QQKP(LtK»l)#(-QA0-U0(l)*QFLl#»2> 

AL(L.K)aXJ»GQKP<L»K,2)<MQAL-U0<2)*QFL2**2) 

IF  (ITYPE  .EG.  0  .AND.  ITERQP  .EQ.  0) 

1QNP(L.K,2) aCMPLX(0.0.-AIMAG( (AO(L.K) *AL (L.K) ) /10.0)  ) 

OFF (L.K) bQOFF 

QFP(L»K)bQQFP  . 
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fU-  2.3  —PSR  LEVEL  29fl—  HLMHLT 

QGF  ((„  *K )  «QQGF 
QGP(L*K)«QGGP 

TF  (IAOMIT  .LE.  0)  GO  TO  670 
QFP(L,Ma-QFP(L,K)*XJ<*C0(l)/(1.4«QQKP(L,Kf  \)  ) 

QGF(L»K)  aX.J#QQKP(L*K,2)  *1  ,4*QGF  (L*K)  /CO  (?) 

QGP  »QGP  (L,K)  *  <RO(?)  /PC  ( 1 ) )* (CO ( 1 )  /CO  (2)  )  «•? 

670  CONTINUE 

DO  700  f»l*2 

AA(L*K»I)sXJ*QQKP(L*K»  I)#QAA  (I) 

AB(L«K*I)a-XJ*(50KP(L»K»  n«OAR(!) 

IF  (ITYPE  ,EQ,  0  .AND.  ITERQP  ,EQ.  0) 
1ALP(L*K,I)«CMPLX(0.0*-AIMAGMAA(L*Ktn*A8(L*K*I)  )/5.)  ) 

700  CONTINUE 

IF  (ITYPE  ,GT  •  0  .OR.  ITFRQP  ,GT .  ITER/4)  GO  TO  ?000 
1000  CALL.  ACUSTK(0*0) 

GO  TO  3000 

POOO  CALL  ACUSTK(l.l) 

3000  00  3100  I«) ,2 

00  3100  L«LSTP*IRQ 
00  3100  KaKSTP,KXQ 

QKP(L*K*I)*CSQ«T(ALP(L*K,T)*#?*QNP(L*K*I)**2) 

3100  CONTINUE 

IFdTYPE. GT.O, OR, (ITERQP. GT.l. AND. ITERQP. LT. ITER-2) ) GO  TO  3950 
3200  WRITF  (6,9300)  M, ITFRQP 
00  3300  IM, 2 

WRITF  (6,9310)  T,  (K,K  =  KSTP,KXO) 

00  3300  L«LSTP,lRQ 

WRITE  (6,9320)  L  ,  (ALP  (L ,K» I ) ,K«KSTP,KXQ) 

3300  CONTINUE 

WRITE  (6,9330) 

00  3400  1*1,2 

WRITE  (6,9310)  I , (K,K«KSTP,KXQ) 

00  3400  l«lstp,lro 

WRITE  (6,9320)  L ♦ (ONP(L,K,I) ,K*KSTP,KXti) 

3400  CONTINUE 

WRITE  (6,9340) 

00  3500  I«l,2 

WHITE  (6,9310)  T. <K,KaKSTP,KXQ) 

00  3500  L»LSTP,IRQ 

WRITF  (6,932U )  L*  (QKP (L«K, I ) ,K«KSTP,KXQ) 

3500  CONTINUE 

IF  (ITYPE  .GE.  0  , AND,  ITERQP  .LT.  ITER)  GO  TO  4000 
IF  (ITYPE  ,LT,  0)  WRITE  (6,9350)  ITERQP 
IF  (ITERQP  .GE.  ITER)  WRITE  (6,9360)  ITERQP 
GO  TO  6000 

3950  IF  (ITERQP  .EQ.  2)  WRITE  (6,9350) 

WRITE  (6*9370)  ITERQP 
4000  ITFRQPalTEPQP-M 

IF  (ITERQP  ,GT.  ITER)  GO  TO  3200 
00  4500  1*1,2 
00  4500  K*KSTP,KXQ 
00  4500  L*LSTP*l.RQ 

IF  (CAHS(OQKP (L,K, I) -QKP (L,K, I ) ) ,GT.  1.0E-3)  GO  TO  4600 
4500  CONTINUE 
TTYPFa-1 


166 


HLMHLT 


Vrv  2.3  —  PSH  LEVEL  298  — 

ITFROPsITERQP-1 
GO  TO  3200 
4600  C=ITFRQP*5 

DO  4700  1=1*2 
00  4700  K=KSTP,KXQ 
DO  4700  L=LSTP*LRQ 
QQKP(L»K»I)=OQKP<L*K*I)/C*(C"1»0)*QKP(L»KiI)/C 
4700  CONTINUE 
GO  TO  660 
6000  CONTINUE 

WRITE  (6,9390)  M 

00  6100  L=LSTP,LRO 

DO  6100  K=KSTP,KXQ 

IF  (RI (1)  .LE  •  0.0)  GO  TO  6050 

CALL  CJFUN  (FN,FNP,ALP(L»K,1) ,AA(L,K»1> *M) 

C10(L»K*1)=FN 

CALL  CYFUN(FN»FMP.ALP(L»K,1) »AA<L»K,1) ,M)  " 

IF  (CABS(FN)  .EO.  0.0  )  FN=  ( 1  •  0E*»2O ,  0.0) 

C10(L»K,1)=-C1Q(L»K,1)/FN 
GO  TO  6100 

6050  C10(L»K,1)=(0. 0,0.0) 

6100  CONTINUE 

1  =  1  . . ~  '  .  . 

WRITE (6,9310) I, ( K , K=KSTP, KXQ) 

DO  6?00  L=LSTP,LRQ 

WRITE  (6,9420)  L , ( C1Q < L , K, 1 ) , K=KSTP, KXQ ) 

6200  CONTINUE 

WRITE  (6,9400) 

DO  6300  L=LSTP,LRQ 
DO  6300  K=KSTP , KXQ 
C20(L,K,l)=AO(LtK) 

FN=CCOS(QNP(L,K,2)<»XL(2>  ) 

FNP=CSIN(QNP(L,K*2)*XL<2) ) 

IF  (CABS (QNP (L,K,2))«LE.  0.0)  GO  TO  6230 
FNPaFNP/ONP (L,K,2) 

GO  TO  6240 
6230  FNP=(1. 0,0.0) 

6240  C20(L»K,2)=FN-A|.  (L*K)*FNP 

IF  (CABS(AL(L,K) )  ,GT.  1.0E5)  C2Q <L,K,2) cFN/AL CL,K> -FNP 
IF  (CABS(C2Q(L,K,2) ) .EQ.  0.0)  C2Q  <L»K*2)  =  ( 1 , 0E-2G « 0. 0 ) 

IF  (CABS (AL (L,K) )  ,GT.  1.0E5)  C2Q (L,K,2 )  =  (QNP (L,K» 2) *»2*FNP/AL (L , 
1  ) *FN) /C2Q (L,K,2) 

IF  (CA8S(AL(L,K) ) ,GT.  1.0E5)  GO  TO  6300 
C2Q(L»K,2)=<QNP(L,K,2)*«2*FNP*AL(L*K>*FN)/C2Q<L*K»2> 

6300  CONTINUE 

DO  6400  1=1,2 

WRITE  (6,9310)  I ,  (K,K  =  KSTP,KXQ) 

00  6400  L  =  LSTP,I_RQ 

WRITE  (6,9420)  L« (C2Q(L»K,I) ,K*KSTP,KXQ) 

6400  CONTINUE 
1=2 

WRITE (6,9410) 

DO  6500  L=LSTP,|.RO 
00  6500  K=KSTP,KXO 
FN«CCOS  (QNP  (L  *  K,  1 )  *XL  ( 1 ) ) 


TO*  2.7  — PSR  LFVFL  ?9n 


HI.MHLT 


FNPsCSlN(QNP<L.K,l)«»XL(l)  ) 

IF  (CAHS(RMP (LtK»l ) )  .LF.  0.0)  GO  TO  6430 
FNPsFNP/ONP  <L,K, 1 ) 

00  TO  6440 
*430  FNPs (1 • 0 • 0 • 0 ) 

6440  C30(LtK)«FN*(0FF ( L »K ) ♦ AO (L ,K ) «OFP (L , K ) ) tFNP# (QFF (L*K) *A0 (L*K) - 

1  OFP(L*K)*ONP <L»K, 1)»*2) 

IF  (CARS ( AO ( L • K ) )  .GT.  1.0E5)  C3Q (L . K) *A0 (L *K ) * (FN* (QFF (l *K ) / 

)  A0(L*K) *0FP (L.K) ) ♦FNP#(0FF(L»K)-QFP(L*K)«QNP(L<K,1)**2/A0) ) 

6S00  CONTINUE 

WRITE  (6.9310)  T . (K.KsKSTP.KXQ) 

00  6600  LalSTP.I  RQ 

WRITF  (6.9420)  I.  (C3Q  (l.,K)  ,K*KSTP»KXQ) 

6600  CONTINUE 

00  6700  L«LSTP,lRQ 
DO  6700  K«KSTP,KXQ 
C30{L«K)«C30(L.K)*C2Q(L.K.?) 

6700  CONTINUE 
1*2 

WRITF (6,9430) 

WRITF (6,931 0)  It (K.KsKSTP.KXQ) 

DO  6800  L«I.STP,lRG 

WRITE (6,9420) L. (C3Q (L.K) .KsKSTP.KXG) 

6«00  CONTINUE 
GO  TO  10 

9000  FORMAT ( 12A6) 

9010  FORMAT ( 1016) 

9200  FORMAT ( 1H1 ,30X,65HAN  ACOUSTIC  ANALYSIS  OF  ANNULAR  DUCTS  WITH  AN  AXIAL 
UAL  DISCONTINUITY  ,  ////,30X, 1 2A6, ///////, 20X . 15HDUCT  DIMENSIONS,/ 

2  ///,lX,7HCHAMRr«t6X,12H0UTER  RA0IUS.5X, 12H INNER  RADIUS, 5X, 12HAXIA 
3L  LENGTH, 5X.13HSPEE0  0  SOUND. 4X.I3H  END  VELOCITY  ) 

9020  FORMAT  (5E12.0, T6) 

9210  FORMAT (/,5X,Il,8X,E12.5,SXfE12*5,5X«E12,5,5X,E12c5,5X.E12,5) 

9220  FORMAT  (////. 20X.34HSURFACE  ACOUSTIC  ADMITTANCE  RATIOS  ,//) 

9030  FORMAT (6E12,0) 

9230  FORMAT  ( 10X,9H INI..ET  A*  ,F12.5,3H  ,  ,E12.5,20X,9HEXIT  As  ,E12,5.3H 
1.  ,F12.5//) 

9240  FORMAT(lOX,9HOUTER  A«  ,E12.5»3H  ,  , E12.5, 20 X.9H INNER  A*  ,E12*5, 

1  3H  ,  ,E12.5,10X,16HlN  FIRST  CHAMBER  ,  //) 

9250  FORMAT (10X.9HOUTER  As  ,F12.5,3H  ,  ,E12.5,  20X.9HINNER  As  ,E12.5, 

1  3H  ,  ,  E12.5,10X,17HIN  SECOND  CHAMBER  ♦  //) 

9260  FORMAT (////,20X.26HDI SCONTINUI TY  COEFFICIENTS  ,  //) 

9270  FORMAT (30X.92HCOEFFICIENTS  FP  AND  G  RELATE  PRESSURES  AND  VELOCITIE 
IS  AND  ARE  THUS  MOOIFIEO  BY  (J*K)  FACTORS  ,//) 

9280  FORMAT ( 10X,2HFs.F12. 5, 3H  ,  ,E1 2.5,25X,3HFR»,E12.5,3H  ,  ,E12.5,//) 

9290  FORMAT(lOX,?HGs,E12.5»3H  ,  , E 1 2 . 5 , 25X , 3HGPS , e 1 2 .5, 3H  ,  ,E12.5,//> 

9300  FORMAT ( 1  HI , 30  X , 29HE I GEN VALUE  SOLUTIONS  FOR  THE  .11,  26HTH  TANG 
1ENTIAL  MODE  ON  the  ,12,1 2HTH  ITERATION, ////, 20X, 19hRADIAL  WAVE  NUM 
78ERS  ,  ) 

e'MO  FORMAT  (//50X,1]hIN  CHAMRFR  ,  1 1  ,/7X  ,5  (9X  ,  2HK«,  1 1 ,  1  3X)  //) 

0720  FORMA T ( 1 X »?HLs, T1,3X,5(F9.4,3H  ♦  ,  F9.4.4X)//) 

9”»30  FORMAT  (///, POX,  }  8HAXIAL  WAVE  NUMBERS  »  ) 

FORMAT  (///, POX, 21HCOM01NFD  WAVE  NUMBERS,  ) 

9350  FORMAT()H1,30X,?9HSOLUTTON  HAS  CONVERGED  AFTER  I2.11H  ITERATIONS  , 

1  //) 
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03**  F0PMAT  n  hi  »30X,c,6HlTFHATTOM  has  HEf.N  TERMINATED  WITHOUT  CONVEWGENC 
IF  AFTER  ♦!?.  1 1 H  ITERATIONS.  //) 

COOS  FORMAT (ZOX.flflHROTH  CHAMBERS  HAVE  ACOUSTICALLY  RIGID  SURFACES  AND  T 
THE  FI.AME-FRONT  TS  ACOUSTICALLY  IDEAL  •///> 

OTTO  FORMAT  (30X.10HITERATIOM 
QTRO  F  QOM A T  ( 1  H  1  ) 

Q3RO  FORMAT  <  1 H 1  »3<)X ,  32HM00F  SHAPE  COEFFICIENTS  FOR  THE  .I1.1PHTH  TANGE 
1  NTT A(  MODE  ♦////. 20X.1RHPA0IAL  COEFFICIENT  9) 

Q40O  FORMAT <///.?0X, 1 7HAAIAL  COFFFTC  TENT  .) 

0410  FORMAT ( /// » 20 X » 44HCH AMnF R  TO  CHAMBER  AMPLIFICATION  COEFFICIENT  ♦) 
9420  FORMAT  ( 1  X.?HLs,  n  f  2X«5  IH]  .4, 1H,  ,  E 1 1  .4»?x  )  I 

Q430  FORMAT  (///.20X»49H(AXIAL  COEFFICIENT)  *  (AMPLIFICATION  COEFFICIENT 
1  )  ♦  ) 

pNO 
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SUBROUTINE  ACUSTK (INDIC1 * IN0IC2) 

COMPLEX  AO  •  A|.  *  A  A  t  aB  t  OFF  ♦QFP.QGF  *GGr  *ALP*taNP*QKP*  AQ*FN*FNP* 

1  *DEL*  QN1«QN2 
COMPLEX  FQN,FGNP.AQP*0NP1 *QNP? 

COMMON/niM/MO(?> ,RI(2) ,XL (2) *CO(2) ,INRAO 

1CnOR?'(5?5)J%GP(s!i!  *AL(CS’5)*AA,5*5,2)  * AR (5*5*  2)  *QFF(5*5)  *QFP(5*5)  * 
COMMON/WAVE/M* At P (5*5*2) *QNP (5*5*2) tQKP (5*5,9) 

NFRN»N«Q/46E/ALPAN(3,2,*XNRA'y<<3)’KST,KXQ,KSTP,LST,LRO,LSTP,NRO 


IF  (INDIC1)  3000*1000*2000 
1000  I«1 

IF  (LST  .GT.  LRO)  GO  TO  3000 
1050  B«RI(I)/RO(I) 

K»1 


1100  L«LST 
1110  LP«LST 


FNT5T«0 • 0 


AO.CMPLX  (ALRANd  ,1)  ,AIMAG(ALP(L*K*I)  )  ) 

1150  CALL  ANFIJN(FN*FNP,  AU,AA (L*K,I) *AB(L*K*I) *B«M) 
IF  (PEAL(FN)  ,NF.  0*0)  GO  TO  1170 
FNTST»1.0 
00  TO  1175 
1170  CONTINUE 

IF  (FNTST/REAL (FN)  ,GE,  0.0)  GO  TO  1200 
1175  CONTINUE 


AQP«AU*ALRAN(3,I)#REAL (FN)/(FNTST-REAL(FN) ) 

00  1185  N«1,NFRN 

CALL  ANFUN(FQN,FQNP*AOP*AAlL*K*I) »AB(L*K*I) «B*M) 
IF(CABS(FQM) .LE. 1 ,0E-5) GO  TO  1195 
IF (CABS (FQMP) .EO.O.O)  GO  TO  1200 
XReRFAL(FQN) 

XInAIMAG(FQN) 

XPRsREAL(FONP) 

XPI«AIMAG(FQNP) 


Z0ELaCMPLX(-XPT*XI-XPR*XR,XPI«XR-XPR#XI)/(XPR<»*2^XPI**2) 
aop*aqp1?del> ’gt,5,#cabs<fqnhzoel“*del#CABS(FQN>/(2*#cabs(zdel) ) 


IF  (REAL (AOP) .LT.0.0) AQP«CMPLX(0.0*AIMAG (AQP) ) 

11A5  CONTINUE  (ZnEL>  -LE#  #01  *°R'  CA8S(FQN>  •L£*  •*>  60  T0  H95 
GO  TO  1200 
1195  LP»LPM 


IF  (LP  .LE.  L)  GO  TO  1200 
ALP(L»K*I)«AUP 


L*L*1 

IF  (L  .GT.  LRQ)  GO  TO  1300 
GO  TO  1110 
1200  FNTST«MEAL(FN) 

AObAO^ALRAM (3* I ) 

IE  (RLAL(AO)  ,Lf,  ALRAN(2*D)  GO  TO  1150 

1300  lro«l-i 

IF  (LRQ  .LF.  LSTP)  LRO«LSTP 
K«K*1 
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ACUSTK 


0\!  2.3 


T f  (k  ,lf,  kxui  go  to  linn 

T F  (T  .«£.  ?)  r. o  TO  2000 
IS? 

(F  (TNWAO)  1050.1050*1350 
1  350  HO  1400  LeLST.L«Q 
no  1 4  0  0  Ks  1  *  K  X  0 
A  L  P  H,  *  K  •  2 )  s  A  |„  P  ( l  «  K  *  I  > 

14 OH  COMTTNUh 
2000  T=1 

IF  (1ST  .GT.  LPO)  GO  TO  3000 
2050  HsRT  (  I  )  /RO( I ) 

KsKSTP 
2100  LaLST 
2150  AOsAl  P  <L*K,  T  ) 

0=1 

2200  CAU.  ANFl^MFNtFvP,  AOtAA  (|.*K*  I )  *AH<L*K*I)  ,H,M) 

IF  (CARS(FN)  .LF.  1.0F.-5)  GO  TO  2300 
IF  (CAHS(FNP) .FO.0.0)  GO  TO  2290 
XHsRF AL <FN) 

XlaATMAG(FM) 

XPPsPFAU FMP) 

XPTsAIMAG(FMP) 

70F1.rCMPLX  (-XPTnXT-XPP*XP,XPl#XM-XPW*Xn  /  (  XPP**2* XP I **2 ) 

TF  CCAHS  C/DEL) .GT.5**CARS (FN  ) ) 70£L*ZDtL#CAR5 ( FN  > / < 2 . *CAftS ( ZOFL > ) 
AO*AO*Zt)FL 

TF  ( CAHS  ( /OFL )  ,LF_.  1.0F-5  .OR.  CAHMFN)  .|.F.  l.OE-5)  GO  TO  2300 
NsM*  1 

TF  (N  .LF.  NHO)  GO  TO  2?00 
??90  CONTINUE 

W  R  T  T F  (h«905<i)  I  *K, I .XP.XT *XPft*XPI 
?30O  ALP  (I  *K.  T )  sAQ 
L*L*1 

TF  <L  «LF .  LH«)  GO  TO  2150 
KsK  *  1 

TF  (K  .LF.  KXO)  GO  TO  2100 
IF  (T  .GF.  ?)  GO  TO  3000 
Is? 

IF  (iNRAn)  ?osn,?050*235n 
2350  no  24  0  0  L*L  ST  #I_PQ 

no  2400  KsKSTP, KXO 
ALP  (L ♦ K  *  2)  sALP  ( I  »  K  *  1  ) 

P40O  COMTTNUL 

3000  TF ( T NUIC2)  5000,3100*4  000 
1100  L  =  1 

TF  (KST  .GT.  KXO)  GO  TO  5000 
Rs  fPf»(2)*CO(  1 )  /  (RO  U)  *CO<?)  >  )  **? 

3150  KsKST 
3150  KPsKST 

FNT5  T  *0.0 

ONPsCMPLX (XNHANfl  )  *  A  T  PAG ( QNP ( L  *K •?) ) ) 

7?0O  ONI  sCSOPT(((JN2  ##2*ALP  (L  *K*2)  *«2)  /H-ALP  (L  *K»  1 )  **2) 

CA|  I  ttXFUN ( FN  *  F  NP  *  QN 1  *  (JN?  »  AO  ( I.  *K )  »  Al.  ( L  *  K )  *OFF (L*K>  *OFP(L*K)  * 

1  OOF  (L.K) ,OGP(L*K) »R) 

IF  (RFAL(FN)  . NF .  0,0)  GOTO  3?40 
FOTc  T*  I  • n  . . 


171 


ION  2.3  — PSH  LEVEL  29* 


ACUSTK 


GO  TO  3250 
3?4 n  CONTINUE 

IF  (FNTST/PEAL (FN)  .GE.  0.0)  GO  TO  3300 
3250  CONTINUE 

onp?sqn?4Xnoan(i)#real (fm)/(Fmtst-real(fn>  > 

ONPleCSQRK  (QNP?*#2*ALP(L#K#2)#«2)/0-ALP(L*K*n*42) 
no  3260  N«I.NFPN 

CAU.  AXFIJN  (FUN.FQNP.QNP)  .QNP2 «  AO  (L*K)  •  AL  (L*K)  *OFF(L*K)  fQFP(L#K)  • 

)  OGF(L*K) ♦OGP(L.K) ,B) 

IF  (CABS(FQN) ,Lt.I.OE-5)GO  TO  3270 
if (Cabs <fonp ) «eo. o « o ) go  to  3300 
XRsRFAL(FQN) 

X I sA I MAG (FQN ) 

XPRsREAL (FONP) 

XPT*AIMAG(F0NP) 

ZOEL.aCMPLX(-XPT#XI-XPR#XRfXPI*XR-XPR#XI)/(XPR**2*XPI»»2) 

IF (CABS (/DEL) .GT.5.#CAB$ (FQN) ) 7DEL»ZDEL*CA0S (FQN) / ( 2 .*CARS ( ZDEL) ) 
QNP2*QNP2*70EL 

IF  (REAL  (QNP2)  .LT.0.0)QNP?«CMPLX(0.0»AIMAG((JNP2)  ) 

IF  (CABS(ZnEL)  .I.E,  «01  .OR.  CABS  (FQN)  *L£ •  .1)  GO  TO  3270 
•<260  CONTINUE 
GO  TO  3300 
3270  KPsKP+1 

TF  (KP  .LE.  K)  GO  TO  3300 
ONP(L  fK»2)«ONP? 

QNP(L*K,1)«CSQRT(  (QNP(LtKf2)##2*ALP(L*K*2H»«2)/B-ALP(L*K»  1)**2) 

KaK  ♦ ) 

IF  (K.GT.  KXU)  GO  TO  3400 
GO  TO  3160 
3300  FNTST*REAl(FN) 

QN?bQN2+XNRAN (3) 

IF  (REAL (ON?)  .LE.  XNRAN (2) )  GO  TO  3200 
3400  KXOsK-1 

IF  (KXU  .LE.  KSTP)  KXQsKSTP 
L=L  ♦  1 

IF  (L  .LE.  LHQ)  GO  TO  3150 
4000  L*LSTP 

IF  (KST  .GT.  KXO)  GO  TO  5000 
Ba(RO(2)*CO(l)/(RO(l )#CO(2) ) ) #*2 
4100  K»KST 
4200  QN2sQNP(L»K»2) 

Ns) 

4300  ON)  sCSQRT ( (QN2  *«?*ALP <L»K»?) *#2) /B-ALP (L*K. 1 ) #»2) 

CALL  AXFUN (FN» FNP*QN1 *QN?.AO (LtK) * AL (L*K) *QFF (L*K) *QFP(L*K) . 

)  OGF (L*K) »OGP (l  »K) »B) 

IF  (CABS(FM)  ,LF.  1.0E-5)  GO  TO  4400 
IF  (CABS(FNP) .EO.O.O)  GO  TO  4390 
XRsREAL (FN) 

XlsATMAG(FN) 

XPRsREAL (FNP) 

XPTsAIMAG(FNP) 

ZnFLsCMPLX(-XPT*XI-XPR4XR,XPI#XR-XPR*XI)/(XPR**24XPI4#2) 

IF  (CaFiS(2DFL)  .GT»5.#CABS(FN  ) ) ZDEL»ZDEL*CABS (FN  ) / (2,#CABS (ZDEL) ) 
QN2«ON2*ZDEL 

IF  (CABS(ZDEL)  .LE.  1.0F-5  .OR.  CABS (FN)  .LE.  1.0E-5)  GO  TO  4400 


TO*'  ?,3  --PSR  LF.VF'L  — 


ACUSTK 


N*N.  1 

TP  cm  .IP.  NRO)  r, 0  TO  ono 

aTQO  CONTINUE 

WR  T  TP  (At<tn*d)  |  .K.XR.XI .XPR.XPI 
4 A  0 0  ONP (L #*.2) sON? 

OMP(LtK,l)sCSQ»T( (QNPCL.K, ?)**?♦ ALP  CL *K, ?)*#?) /H-ALP(LfK.n**2) 

K  =  K.  1 

IF  (K  .LF.  KXQ)  r,0  TO  4P00 
L*l  ♦  1 

IF  (l  .L*.  LHO)  GO  TO  4100 
IF  (hSTP  #GF »  KST)  GO  TO  5000 
KPaKST-1 

no  4700  KaKSTP.KP 
on  4700  LsltLPO 

QNPCI.  .K.  1  )*CSWPT  C  { (JNP  ( L  »  K  .?)*«?♦  ALP  ( L  ♦  K  ♦  ?  >**? )  /R-ALP  ( L  .  K  *  1 )  ) 

4700  CONTINUE 
*000  RETURN 

0050  FORMAT (3X,59HNEwTON-PAPhSON  ITERATION  MAS  EXCEEDED  LIMIT  FOR  RADI  A 
IL  MODE  .  //  3X,?HL*f I?.^X,?HKa,I?,5X»?Hlsf I?,5X,2HFs,E14.5*3H  *  * 
?  EI4.5«5X,3HFP3,E14.5*3H  «  .E14.5»//) 

Q060  FORMAT  (3X.FRHNF*.<ton-RAPH50M  ITERATION  HAS  F.XCEEOFO  LIMIT  FOR  AXIAL 
1  MODFf  //  3X»?HLs*!?»5X.?HKstt?t5X.PHFs,El4.S*3H  .  » E 1 4 ,5 *5X ♦ 3HFPs 
P  »Fl4.5*3H  «  »F14«5*//) 

FND 
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TAM  — psh  LEVFL 


50 


~!"F  »NF"MtFN,FNP,7f4A,AB,H,H) 

CAI.I.LCJFUN(FMi:FQPi:*^A^|I|JFOP1,Fa?,FU,’?,V01*Fopl«VOZ,rOP2 

IF  (R  ,<5T,  0,0)  fiO  TO  5ft 

FN«FOl 

FNP.FOPl 

RETURN 

CALL  CjFUN{FQ2,FQP2#g#Zf R*AR*M) 

CALL  CYFUN{YQlfyQPi#2,AA,M) 

CALL  CVFUN(Y(J2,yQp2,8#2  m) 

FN«FQ2*YQ1-FCIHyQ2  *  ' 

«W«S2*Y0P1  *F0O?*Y01  ,B*F0P  1  *Y<)J-F01  *yOp2*« 

END 


I 


I  TAM  ?,>  --P«vH  LFVFL 


1 

I 

I 


1 

I 


I 

1 

I 

i 

I 


SURRnUTTNF  CJFhm{FN«FNP«7.  A.M) 

COMPl  f.X  FN»FNP»7«A  .ZD?  *  70?S .S*  T • W 1  * Q2.U3 

/O3a//3.0 

703SaZi>?**? 

IF  (m  .fo.  id  go  to  soo 

XM  =M 

Sal  .  P/F  AC!  T  ( m ) 

Ta/O? 

IF  (OAHS(T)  .FO.  0.0)  Ts(l. 0.0.0) 

TSTaCAHS  (  {  A.xiw*1  ,0)  /  <T**M)  ) 

X  K  a  1  .0 

FNa ( A-XM) *S 

FNPaFN* (XM/2.0) 

100  SaS*ZD2S/ <XK*(XK*XM) ) 

T*70?S/< (XK*1.0)*(XM*XK*1 .0) ) 

O3rA-XM-?.0*XK 
O)  ■T*(U3-2.Q) 
i)?aOl*(XK*1.0*XM/2.0) 

Ql  =  (Ol-O.l)  *S 
Q?a(02- (XK*XM/?,0>*Q3)*S 
FN«FN*0 I 
FNPaFNP*02 

IF  ( CAbS  (01  )  /TST  ,LT.  l.OF-fl  .AND.  OARS  (02)  /TST  .LT.  1.0F-R) 
1  on  TO  300 
XKaXK*3. 0 
S  =  S*T 
GO  TO  100 
?00  FMaFM*ZH?**M 

IF  (M  .FO.  1)  «F TURN 
FNP=FNP*703*« (m-1  ) 

RETURN 

500  TST  aC AHS ( A ♦ 1 . 0 ) 

S»1  .0 
XK  a  1 .0 

FNPa?. 0*/0?S 
FNaA*FNP 

6()0  SaS«/D3S/ (XK*XK) 

Ta7n?S/  (  (XK*1.0)«(XKM  .0)  ) 

Q3a?.0*ZO2S*XK#A 
03a ( (03*A)*T-03)*S 

Qla(T<M3.n*ZD?S/(XK*3,0)  ♦A)-(?.0*/D3S/(XK*1.0)  *A)  )*S 
FNaF  M*IJ  1 
FNPaFNP*Q? 

IF  (TAHSCOl )/TST  .IT.  I.OE-R  .AND.  CARS(02)/TST  .LT.  1.0F-8) 
)  GO  TO  700 
XKaXK*2. 0 
S  =  S*T 
GO  TO  600 

700  TF  (CAHSIZO?) .FO.  0.0)  GO  TO  750 
FOPsFNP/70? 

750  PF  TURN 
FMM 
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ton  ?.i  — psr  lfvfl  2r« 


SUBPOUT I ME  CYFUM(FN.FNP.7.A*M) 

COMPLEX  FN.FNP.Z,A.ZD2t?02S.S.T»Ql *Q2»Q3.Q4i GN.GNP 
IF  (CAHS(Z).GT.  1.0E-5)  00  TO  10 
FNal • 0E30 
FNPal #0E30 
RETURN 
10  Z0?»7/2.0 
ZD? 5aZ02**2 
IF  (M,EQ,0)  GO  TO  500 
04*  CLOG ( 702) *?,0 
FNan.O 
FNPaO.O 
XMaM 

s*zn?**<-Mj 
no  so  ls1*m 
k*l-1 
XK*k 

01e?.0*Zn?S*FACT(M-K-2) 

02*(A*XM)*FACT(m-K-1 ) 

Q3aS/FACT (K) 

FNaFN* (Ol-Q?) *03 

FNPaFNP* (Ql*(XK*l,0-XM/?.0)-O2*(XK-XM/2,0) ) *03 
S*S*ZD7S 
50  CONTINUE 
ONsFN 

GNPaFNP/70? 

PSTls-, 5772156649 
PSTPaPSIl 
00  60  L»1*N 

xl«l 

PST?aPSI2*1.0/XL 
60  CONTINUE 

S=1  • O/FACT (M) 

XKa 1 .0 

TSTaCAHS ( (A*XM.) ,0)/(ZD?)**M) 

Q4a04-PSIl-PSI? 

FNPa (A-XM) *Q4  , 

FNa(FNP-2.n)*s 
FNPa (FNP*XM/2.0«A-2,0*XM)*S 
100  O4aO4-(1.0/XK*l ,0/(XK*XM) ) 

Ts7n2S/( (XK*1.)*(XM*XK*1 •) ) 

SaS*702S/(XK*(XK*XM)  ) 

PST  1  a ( 1 • 0/ ( XM*XK  + 1 • ) + 1 • / ( XK* 1 •) ) 

03sA-XM-?,0*XK 

0] a ( 04* (T*(O3-?,0) -Q3 )*?.0*(1.0-T)— ( Q3-2*  0) *T*PS 1 1 )  *5 
02s (04* ( ( (03-2,0) *( XK*XM/?# ♦ 1. ) *T) -Q3* (XK*XM/2,  )) -PS  II* ( (03-2.) 
1  (XK^XM/?,*) ,)*T) ♦ (?• *03— A )*(T— 1.) — 4,*T ) *S 

FNaF  M*01 
FNP*FNP*0? 

IF  (CArtS(Q) )/TST  ,LT .  1.0E-8  .ANO.  CA8S(02)/TST  ,LT.  l.OE-B) 

1  r,o  TO  200 
04»04-PSIl 
S«S*T 
XKsXK+2. 
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TOM  —  PSk  LFVFL  29R  —  cVFUN 

GO  Tn  100 

?oo  fn*  (f /3. jaiso?** 

FNP*(f  NP*?ov*#(M-n  ♦«\P)/3.14t5Q2b5 

RETURN 

SOO  TSTsCAHS  { A»]  .  ) 

Sal  . 

Q4sCl  OG</(??>  ♦.S77215664Q 

KK  =  1  . 

FN*  ( A42,*?D2S) 

FNP*A/2.O*O4*Zn?S*2,0 
F<V*F  N«MJ4  -Z02S 
*00  04*04-1, /XK 

T*70?S/< ( XK  *  1 , ) *#2) 

S*S#702S/(XK*XK) 

PS  T  1  a  1  •  /  ( XK  4  1  ,  ) 

03*?.*70?S 

QJs<04*(A*(T-l ,)*Q3*<T/(XK4?.)-PST1> )-PS!14T4{A4Q3/(XK42,) ) ♦ 

1  702S*(PSI l**?-T/( <XK*7. ) **?) ) ) #S 

02*  (  A  *  (  r-1,)  /?,  *04*  (  (T-1,)#(034X|<*A)  4T*A) 

1  T*PST1*(0T*(XK*A)4A) )#s 

FN*FN*U1 
FNPsFNP+O? 

IF  (CAMS (01 ) /TST  ,LT,  l.OF-A  • AND,  CAMS(02)/T5T  ,LT,  l.OF-fl) 

1  GO  TO  700 
XKsXK+2, 

S*S*T 

04*04  — PS  T 1 
00  TO  MOO 

700  FNa(FN-l.)/l. 57079632 
FNPa(FNP//0?) /I ,5707963? 

RETURN 

FNO 
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low  —  PSft  LFVFL  2R«— 


FUNCTION  FACT (Nl 
DTMFNSTON  G  (?n) 

data  <G ( I) «I«1 *20) /1*«2*«6*  *24, *120*  *  720*  *5040*  *40320*  §362800*  * 

1  3428RQ0.* 3. 9R1 68E7 *4.79001 6E8 ♦6.227020BE9 *8,71 78291 2E10 t 

2  1.30747437Fl2«2.09227899E13t3.556B742BE14*6,4023737El5. 

7  1.216451E17»2.432902E1R/ 

IF  (N)  10*20*3o 

10  FACTaO.O 
RETURN 
20  FACTal  • 

RETURN 

30  IF  (N  »GT •  20)  GO  TO  40 
FACTsG(N) 

RETURN 
40  XsN 

FACTsSQRT  (4.2831  8«53«X)«(X/2. 71 828)  **N 

RETURN 

END 
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TfiM  ?.T  —  P9W  LFVFL  ?P« 


OURPOUT INF  AXFtlMFN»FNP,QNl  ,OM?  ,  AO  «  A|_  ♦  OFF  *QFP  *OGF  *  QGP  «  H ) 

COMPi  F  X  FN'FNPtQNl  »(3N2*AO«AL  «OFF  *<JFP*«(iF  ♦  (J6P  *  X  J*  OU  F 1  ♦  02  •  F. 2  *  ON  ♦ 

1  FI  ,F2tfil.fi«?*FlP.F2P*GlPtfi?P 
COMMON/O I  M/MO ( ? )  ,«I (?) *X!  (?) *C0 (?)  *  TNHAO 
COMPLEX  F 1 P  »fc?P 
OAT  A  XJ/ (0.0 *1.0)/ 

Ol*CCOS(QNl*XL () ) ) 

QPsCCOS (ON?*XL (?) ) 

TF  (CAHS(QND)  ?0«?0«30 
?n  FlsXL(l) 

FlPsO.U 
ONal ,0F?0 
GO  TO  40 

30  F 1  *CS  I N  ( ONI  *Xl.  ( )  )  )  /ONI 
F  IPs  (  XL  (  1  )  *0 1 -F  1  )/(JM 
ON*OM?/ (H*0N1 ) 

40  CONTINUE 

IF  <CAhS((JN?))  S0*50*60 
SO  F?sX|.  ( 2 ) 

F2P=0 • 0 
GO  TO  70 

GO  FpaCGlN (ON?*XL (?) ) /ON? 

F?Ps ( XL ( ?) *02-F?) /ON? 

70  CONTI NIJE 

F 1  *  ( OFF  ♦  AO*OFP )  *0  ]  ♦  (A0*off.{JFP*QM1**2)  *F  ) 

G 1  a ( OGF ♦ AO*OGP ) *0 1 ♦ ( AO*OGF -QGP*WN ) **? ) *F 1 

F?sF?*<JN?**?  +  Q?»AL 

G?eO?-AL*E? 

FlPaFl*«JNl*(-XL  ( 1  )*QFF-(XL  <  1 )  *  A0«-2  •  0  )  *UFP)  ♦  ( OFF* AO-QFP*ON 1**2)  *E1P 
GIPsFl*ONl*(-XL  ( I)*QGF-(XI.  ( 1  )  *AO*?.0) *OGP> ♦ (QGF*A0-QQP*0N1**2) *E1P 
F?PaoN2*  (F?*  ( 1  ."-XL  <2)*A(.)  *XL  (?)  *02) 

G2Pa-(JN?*XI.  (2)  *F?-AL*E?P 
IF  (CAHS(AO)  .1 F.  I. OFF)  GO  TO  HO 
Fla (OFF /AO^OFP) (QFF-QFP*0N1**2/A0) *F ) 

Gla(QGF/A040GP) *Q1 ♦ (QGF-QGP*ONI **2/A0) *F1 

FlPrPl*ONl*(-XI  (I)*0FF/A0-(Xl.  (1  )  *2*0/ AO)  *QFP)  ♦  <QFF-QFP*QN1**2/A0) 

I  *F1P 

01PsFl*<JN]<M-XI_  (1  )*QGF/AO-(Xt  ( )  )  ♦?  .  0/ AO )  *OGP )  ♦  (QGF-OGP*QN 1 **2/A0) 

)  *F  1  P 
RO  continue 

IF  (CAGS(AL)  .LF.  l.OES)  GO  TO  90 
F?rt?*0N?**2/AL*0? 

G?aQ?/Al.-F? 

F2P30N2*  (E?*  (  1  .  O/AL-XL  (?)  )  ♦  XI.  (  ?)  *02/ Al  ) 

G?Ps-QN2*X(.  (2)  *F2/AL-E?P 

90  CONTTNUF 

FNsF ) *F  2-G 1 *G2 

FNP=F?*F  lP*r)N4F?P«Fl-GlP*G?*nN-GI*G?P 

PFTMPN 

FNO 
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STON  2,3  —  PSR  LEVEL  29M 


PROGRAM  REEfNE( 1 NPU Tt OUTPUT « TapE5s I NPU1 *  TAPrMOUlPUT  > 
COMMON/FUN/FT,FrPfErFfETFP,FP,F«P,«FR»fe«F2fcRF2P»FZ»F?P, 3F|6FP, 

1  H«F  ♦H3FfH4F*HEFP*HTPPfHUpPtHFPP.ALHTHP*G3*HHrtOBtHtJB*SQ-<Ml 
COMMON/OlNT/QNEFT,QNEFfp,QNRFR,QNF«FR*UNE«Ft'*QNEFRtQ^FZ*aNGFZ* 
lQMGFZP»QNHHFftfNM3F*UNH4Ff'JNweFP»l3\'HTPP»QNHUPP»UNHEPP*iJNrtTQQ#QNFT 

COMMON/o I M/RO ( 2 ) *RI (2) »XL<?) *cn(2) *U0<2> , INwA0t0H(2) ,OZ(2) ,DTHET» 

1  XII (2) »XI2(2) *XI3(?) »tNTFG*LTM 

COMMON/WAVE/M* ALP«ONP»UKPtRTN,TNDTCl*CHADl»rRA02*CAXLl*CftXL2« 

1  Qkpnew 

COMMON/f I GEf,l/OM£Go  tOM£(ij  .OmeGJF  •  O^EGl  T » OMEGi  U* OMkGjR* OM£3l  E# 

1  nME(jlB.OMGiHO,OMiilBLfUMGlRAfOMGl«8»OMtG3A»nMEG3 
COMMON/F  I  GEM2/Q'iFrJ02*OMFfi2»0‘1EG?F,OMEC>2TtOMFG?U*OMEG2W*0*lFG2E* 

1  OMEG2b,OMR2BO,OmG?8L*omG2BA,OMG?BB,OMEG2A 

C0MM0N/C0M9/CBAM1 »C8AH2T*CBAR2R*C«AR2Z*C«ARl*CBAW4»CBAR5iGAMMA* 

1  'WAR, TAURAK,XNUl  ,XNU2t XNO^.XMUl , XMU2, *MUJ, TNDIC2*ZS,CBAR6 
COMMON/ROUN/INOICO,INDtCL,AO,aL*/\A*A8*8EFA.BFEB 
COMMON  /MUD/  HMUQ  (21  )  ♦Xmi|0(21  )  ,NMuO*LAbINT 
COMPLEX  RFEa(101*2)  »HfFrj(l0l»?) 

COMPLEX  FT (101) « FTP (loll *ETF  C 1 o 1 ) . ETFP ( 1 0 1 ) ,FR ( 101 .2) *FRP(10l»2) ♦ 

1  RFR(  101  *2)  *E«F2(  101)  »£OF2P(101)  *fZ  ( 1  0  1  *  ?.)  » FZP  ( 1 01  •  ?)  •  GF  ( 1  0 1  * 2)  ♦ 

2  GFP<  101*2)  »HRF(101)  *H3f(1()1)  tMAF(lOl)  •MEFP(ini) *HTPP(101)  » 

3  HUPP(Joi)  *HEPPU0l)  ♦ALmTPPUoT*  *o3fMRMOB.HiiBfSQRMi 

COMPLEX  ONEFTfQNEFTP#QNPFH(2) ,ONERFR#UNERFP, QNEFH, qnF2 ( 2) , QNGFZ ( 2) 
1 « OlviGFZP  ( ? )  *ONHRF*  JNH3F#ONH4F*0NHEfP*0N«TPP*mNHUPP|QNHEPP*ONHTQQ. 

2  ONFT 

COMPLEX  ALP(2) #JMP(2) ,UkP(?) »RTN,rRA01 (2) ,C^A02(2) ,CAXL1 (?) , 

1  CAXL2(?) . oKPN£W(2) 

COMPLEX  OMEGO*OMEtii ,OMEGlF* OmEGI TiOMERlJf OMEGI R*0ME31E* 

1  OMEGlB,OMGiBO»OMGlHL»0  /iG1RA«0mG1hBi0mEG3A»oMEG3 
COMPLEX  OMFG02»OMFG2,OMEG2F.OMEG2T,OMFG?J,OMEG2«fOMEG2E* 

1  OMEG2H,OMG2HO»OMG?HL»oMGpflA,OMG9BBtOMEG2A 
Complex  ao,al*aa(?) ,ah<?) 

COMPLEX  FIJNOMf O'l 
DIMENSION  TTTLEd?)  »XLO(?) 

DIMENSION  LTN1 (?) *LIN?(?) 

COMPLEX  BLKFUN (101*28) *«LKOM(|A) ibLKOM?(J2) ,8LKINT(22) 

EQUIVALENCE  (BLKFUN, FT) , (MLKOM,OMpGO) * (BLKOm2, OM£G02> ♦ 

1  (RLKINT,3NEFT) 

COMPLEX  0A0,QAL*OAA<2) »oaH(?) 

COMPLEX  VFC ( 12) 

SQBM1  a ( 0 • 0 1 1 .0) 

100  RPAO (5*9000)  TITLE 

READ  (5,901 o)M, I  NO Id, IMTEG* INnICp* INDlCR,I^OtCO,INDICL,KONT«L, 

1  KOUMP 
LASINTai 

iNTEGa?* ( INTEG/?) 

IF  (INTFG  •  I.F*  >)  STOP 

LIMalNTFG* 1 

WRITE  (6,92n0)  TTTLE 

BTNa ( 1 *0 , 0 • 0 ) 

IF  (KONTRI.  .GT.  0)  GU  TU  ISO 

Un  200  la] ,? 

RFA0(5»9020)RO(I)  *RI  (I)  .XLO<I),CO(I)  ,UD(n  ,TNHAD 
WRITE  (6, 9? Id  I*RO(I)*w1(t)#XLO<I)  ,CO(I)  *IJ0(T) 
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ST  DN  ?.J  —  PSH  UF  VE«  29i  —  HEEIiME 

XI  (  I )  sXl.O  (  I  )  /MO  (  T  ) 

200  CONTINUE 

HFAO (5,9030)  (Xfl  (  I)  •  X  12  r  T  )  •  X  1 3  ( I )  .1*1  *<!) 

WHITE  (4*92)5) 

300  1*1*2 

IP  (XIKT)  .EU.  o.O  .Ann,  x  1 2  ( T )  .EQ#  •'•0  •  A  ND#  X 1 3  {  J  )  .£«,  0,0) 

1  XniTIxUid) 

WHITE (A, 9? 1-0  I, AT  1 (  I  )  ,  I  ,X1?( T) ,T  * * 13  (  I  > 

300  CONTINUE 

WHITE  (6,922  ») 

HP  AO ( 5 » 9030 ) AO* AL 
WHITE (6»9?3l) AO,  AL 

HFAO  (5,9041)  AA(1)  ,A«n)  «LIN1  (l»  *LIN2(I) 

IF  (LINl  (  1  )  ,E(J.  /)  LI'*,  (1)  al 

IF  (LIN?  ( 1 )  #EQ.  «.i)  11N?(1|sI.Tm 
wu,ITE  (6,9?4o)  A  A  ( ]  )  *  A  B  ( 1 , 

HEAD  (5, 9040)  AA (2) *Ad(?) ,LTN] (2) *LIN2(2) 

IF  (LIN]  (?)  #EO#  ;i )  LIN,  (?,=] 

IF  (LIN?  (?)  ,EQ.  ‘)>  L  IN?  (?)  aLTM 
wHITE(6,9?5 i) A A  (?) *ah(2, 

UAOsAO 

UAL=AL 

DO  320  1*1 »? 

DA  A ( I ) *A  A  (  I  ) 

UAH(I)=AM(I) 

320  CONTINUE 

IF  (INDTCH  .LE.  0)  wwi rr(b,9?Ao) 

IF  (INDTCH  ,3T#  0)  wH I Ir f 4 , 92 To ) 

WHITE  (4*9275)  L I N 1  ( 1 ) * ,  T N? ( 1 ) « L 1 n ) ( 2 ) *  L  T  N? ( 2 ) 

350  ConTINUF 

WHITE  (4,92  <0) 

IF  (INDIC1  #GT#  '*)  w«I  Ir  (*>,9300)  M 
IF  (  I  NO  TCI  ,LE#  0)  vHIItr{f,,9?9o)M 
WUITE(6, 931D 
DO  400  T  =  ]  *2 

IF(K0NTPL  •<*£•  ?1)  GO  In  3«0 

HE  AO  (5*9030)  ALH  (  I  )  *  C  H  A  n  j  (  J  )  *C»Al):>  ( I ) 

350  CONTINUF 

WHITE  (6*9320)  I  *  Ai„P  <  I )  »rRAni  (I)  *C»AD2  ( 1 ) 

400  CONTINUF 

WHITE  (4,9330) 

DO  500  1=1*2 

IF  (KONTRL  #GE.  21)  GO  TO  4)0 

HFAO (5*9030) NNP ( I ) • C A AL 1  ( I ) , C A XL 2 ( I ) 

410  CONTINUE 

WHITE (6*932  i> I  *  )NH ( l ) »Ca  XL] ( T ) *CA*L2 ( I ) 

500  CONTINUE 

IF  (KONTWl  ,GT#  •))  GO  In  540 

HFAO  (5*9030)  (jAv>MA*iJHAH,TAUBAH.2S.CHAHl  *CHA  6 

HFAO  (5*9030)  C8 Ah?  T  «CHAH3H*CR4P?/«rBAR3*CBAH'i  ,C3AH5 

H^  AO  (5*9030)  XNU1  *ANiJ2,Aoi|-jf  x  3iJ]  ,X  *U2*Xf>U3 

IF  (  XMU 1  ,FN»  ' •  0 •  “NO#  AMI )2 , FN# 0 •  0 .  AN  i # XM'J  J #FU#  .0)  AMU  4*1*0 

HF  AD (5*90] 0 )  NMUO 

HF  AIM  5, 90  30)  (HM'JO(I)  •AMmO(T)*  T  =  1.NM(J(j) 
ww)  Tt  <6*934  ')  GA  ',m«‘».JHAH,  TAHRAH 
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SION  ?.3  —  PSR  LFVEu  29h—  REFINE 

WRITE  <6.93‘>0)  XMUl*XNU-*,XNU2*XNU3 

WRITE (6.937t)C«A»1 

WRITE  (6*9375)  C«arg 

WRITE  (6»938'OC9AR<?T 

WRITE (6,939r)C8AR?R 

WRITE (6.9400)C8«H?Z 

WrITE(6,941i>C8AR3 

WRITE(6,942t)CBAR4 

WRtTE(6.943fl)C8AR5 

WRITE(6.944<1)ZS 

WRITE (6.9350 ) 

DO  510  1*1*  \|MUQ 

AmUQ  ( I )  sXmUO  (  I  >  *  (  AMIJ1  WH^ItU  ( I )  ##2*xMU2*NMU'l  (  T  )  *AMU3) 
WRITE  (6*9355)  RMiJQ  ( I )  *  x MU()  ( 1 1 
510  CONTINUE 

ZS»ZS/ROU> 

IF  (INDIC?  .LT.  0)  wHI fp (6,945n) 

GO  TO  545 

540  CONTINUE 

IF  (KONTRL  .LT.  S)  GO  Tr»  541 
RFaD (5.9030)  TAUHAH. CHAri .CBAR6 
WRITE  (6.9340)  GAMMA.UrAR.TAURAR 
WRITE (6.9370)  COARl 
WRITE  (6.9375)  C«AR6 

541  CONTINUF 

IF  (KONTRL  .GT.in)  RE AU  <5*903n>  oAA ( 1 ) *QAA (2) 

AOaQAO 

al*oal 

DO  542  Ia]»? 

A A ( I ) a  QAA ( T ) 

AR(I)aQAR(I) 

542  CONTINUF 

IF  (KONTRL  .GT.  1j)  WRl TF (6*9??0) 

IF  (KONTRL  .GT.  10)  wHl rF <6*9240) aA ( 1 ) * AH  ( 1) 

IF  (KONTRL  .GT.  10)  WR I TF ( 6* 9?^0 ) A A ( 2 ) * AR ( 2 ) 

545  CONTINUE 

WRITE (6,946n)  TITLE 

UKP(l)  bCSORT  (ALR(  1)**2*0NP(1H»*2) 

UKP(2)  =CS()RT  (ALP(2)**2*ONP(2)**2) 

OMEGOaOKP ( 1 )  »CO ( 1 ) /WO ( 1 ) 

OMFG02eOMEGn<H»2 

IF  (1NDICR  .LE.  0)  GO  To  600 

A0»S(JRM1#QKP(  1 )  *  (-AO-U0  < 1  )  /CO(  1  )  *  (ONP  ( 1 )  /OKR  ( 1 )  )  **2) 
Al.aSORMl*QKP(2)  <*<AL-UO(?)  /CO ( 2 ) # < ONP ( 2 ) /QKP ( 2 )  )**2) 
DO  550  Iwl»2 

A A ( I ) »S0RM1*QKP (  T ) *AA ( I » 

AH ( I ) a-SORMl »QKP ( I ) #AH ( T ) 

550  CONTINUE 
600  CONTINUE 
CAUL  fungen 
DO  700  1*1*2 
DO  700  JslfLlH 
BFFA(J*I)=(0. 0*0.0) 
tJFFB(J«f  )■<(>• 0*0.0) 

IF  (J  .LT.  I.IN1H)  .OR.  .)  *GT .  LIm2(D)  GO  TO  700 
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REFINE 


8FFA(  J*nsF/(J«l)«AA(n 
»)FFft(Jtn«Fl(Jtn*ArM  T> 
j'oo  continue 

CALL  NTGRAT 

00  loso  l=i,i* 

Mt  HOM  (L)  =F  JnOM(  HI  *0  ''  (L>  ) 

1050  CONTINUE 

w*v  I  TE  (ft.  94  70) 

DO  HOO  I  si,  2 

wRTTE  (6,94h0)  t,o*R(I> .OKPNFW(T) 

1100  CONTINUE 

WRITE  (6,94ro>  JMttil 
UO  1150  1=1,12 
VFC  (L)  =RLKCH2(L> 

1150  CONT I NUF 

OMfcG2=()M|»Gl-OME'in 
no  H8o  L=l«12 
HI.KOM?(|.)  bO‘1E(*1-«lKOM(Li 
1180  CONTINUE 

WRITE (6,9500) 

WRITE  ( ft ,95 1  0 )  UMtG.j.OUfG? 

WRITE  <6,95?0)  DMP.GIF  ♦UvtEGPF 
WRITE  (5,95  10)  OMFG11 ,OmFG?T 
WRITE  (6,9540)  O  iEi’1  IJ*  9MEG?0 
WRITE  (6,9550)  0MEG1R,U»EG?H 
WRITE  (6,9550)  OMtGlE  ,0-tFG?E 
WRITE  (6,95/0)  jmeG1h,0  ,FG?B 
WRITE  (6,9640)  !)M5 1  H(l ,  U**G2R0 
WRITE  (6.9690)  0Mi5MLfU^r,28l 
WRITE  (6,9600)  0  M  i ,  1 n  A , U  ■ « G  ?  R  A 
WRITE  (6,9610)  '>MG1m«,0  4G2R8 
IF  (INDTC?  .LE.  0)  «iO  In  loo 
CMEG2=OMFG3-OME>»3A 
WRITE  ( 6 ,9620 )  0«EGi,OMrr,3A,OMFG2 
I F  (Kl)UMP  . E  J.  0)  GO  10  1300 
WRITE  (6,971  ') 

9710  FORMAT ( 1 H 1 ) 

DO  1190  1*1.2 

CALL  SImSON(  aa ( I ) ,f*  .  <  l ,  T) ,r2 ( i *1) »"2 ( I ) . Inter) 
119C  CONTINUE 

AH(1)*F/R(LI  h.2>/(K2  m.Im«?)*SQrM1»Ui\P(2)  ) 

AH (2) =FRr (LI n, 2) / <Fh  n  im»2) *SQrM1*r»vP (2) ) 

WRITE (6,9700)  AA ( 1 ) ,AA (?)  ,A8(1) ,Aw (2) 

Write  (6,970 0)  8fM*HKHOrt.Hi»R,G! 

9700  FORMAT(«(4X,E12.6) ) 

L  1  *  1 
L?  =  ?8 

IF  (KOUMP  ,mE,  2)  GO  TO  1195 
LI  =13 

12*14 

1195  CONTINUF 

DO  1200  I. *L  1  ,L2 
WRITE  (6,9720)  I. 

9720  Format (//, 1 n»l2) 

WRITE  (6,970.0)  (  BLKKUn  <  l  *  *  )  .  Jsl  JM) 
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REFlNE 


1200  CONTINUE 

I  T£  (*,97)0) 

9730  FORMAT (//tlx# 6rhl*Om2) 

WRITE  <6»97o0)  <VFC(I),  t*1,12) 

WRITE <6,974n) 

9740  FORMAT (//,1 x,6H*1*InT> 

WHITE (6* 9700) (9LKINT ( l ) , T  =  i , 7?) 

1300  CONTINUF 

If-  ( I  NO  TCI  ,NE,  2  ,OR»  M  ,pQ,  ft)  GO  To  100 
8TN«(1#  0.0.  i) 

1NI)IC1=0 
KONTHL»0 
WRITE (6,9?fl0) 

WRITE  <6,9?w0)  m 
GO  To  540 
9000  FORMAT ( 1?A6) 

9010  Format ( i 21 


9200  FORMAT ( 
1ITH  AN 
2NSIONS 
35X* 12HA 
9020  FORMAT ( 
9210  Format ( 
9030  FORMAT ( 
9215  FORMAT ( 

92im  format < 
1FR,3,3H 
9220  format < 
1  *//) 

9230  FORMAT ( 
1,  3H  , 


1H1,T0X,T4hA  STAmiliTY  fVAiUATION  OF  ANNULAR  UUCT  BURNERS  W] 
AXIAL  DISCON!  INUrTY  *////» TOX  «  1 2A6» ///////*  20*  *  1 5HDUCT  OIME 
*  ///» lX*7HCHAMdcq«AX» 1?H0hTER  RADIUS*  5X*  1?HInnER  RADIUS, c 
XIAL  LENGTH,  5X»i3HSPFEn  0  SOUND,  SX,  l?HEND  VELOCITY  ) 
5Fi2.o,Io> 

/,5X,IlfHxfEi2,b,4(5X»e!2.9)) 

6F12.0) 

////,20X,34HrHHOi| r,H  FLOw  VrLOCllY  COEFFICIENTS  ,//) 

1  0  X ,  I  1 H I N  CHAMHfcr?  ,H.2X,6mUO  =  ( ,  F8 . 3 , 3H  )*Z ,  1 1 , 7  H**2  ♦  (♦ 
)*Z,I1*4m  ♦  ( ,F8. 3, i h> , //) 

////,20X,4/HSURFacE  PROPFHtIES  USED  in  boundary  REFINEMENTS 


IOXMOHInLeT  AR 
,  F 1 2 . 5,//) 


s  , F 1 2 • 5 , 3H  ,  ,E12,5,?0X,10HEXI T  AOs  ,E12,5, 


9240  FO«MAT(10X,10MOUTER  AP  =  ,Fl2.5,3H  ,  ,E12*5,?0X, 1  OH INNER  AP*  ,E12.5.3H 
1,3H  ,  »F12.5, 1  OX , 16mIn  fTR^T  CRAMMER  ,//) 

9250  FORMAT ( 1 QX ♦ 1 oHOUTEW  APs  ,Fl2»5,3H  ,  »fc 12,5»?0X, lOHINNER  APs  ,E12»5 
1,3H  ,  ,E12#S,10X,17M1N  cFCOND  CHAMBER  ,//) 

9260  FORMAT  ( 15X»76HAB0VE  VALmFS  RELATE  (DET a/DNOpMAL)  TO  ETA,  AND  ARE  T 
1  HI  IS  MODIFIED  ADMITTANCES  )  * 

9270  FORMAT (i 5*,m4HAH0VE  VALmFS  RELATE  VELOCITY  TO  PRESSURE,  AND  ARE  TH 
1US  ACOUSTIC  ADMITTANCE  :?aTIOS  ) 

9275  FORMAT  (///,  15X»43HINNEcv  AND  OuTEp  ACOUSTIC  LINERS  EXTEND  FROM  , 

1  //»20X,8HSTATI()n  ,13,  l  ?M  TO  STATION  »I3,2iH  IN  THF  FIRST  CHAMBER 

1  *//»20X,Bh STATION  ,13,12H  TO  STATION  ,I3,?2H  IN  THE  SECOND  CHAMB 
1 EW  ) 


i 

i 

i 


92B0  FORMAT ( 1H1 ,20X,31HACOUSTIC  MOOF  UmDER  EXAMINATION  ,////) 

9290  FORMAT  (10X,44HS!A!X|DING  mOOF  with  tangential  WAVE  NUMBER  a  ,12  ) 
9300  FORMAT(ioX»44HSRTNN!NG  mOUF  W I TH  TANGENTIAL  WAVE  NUMBER  *  ,12) 

9310  FORMAT (///, 1 X, 7HCHAMBER,8X, 1HHRAUTAL  WAVE  NUMBER* 1  OX, 25HC0EFFICIEN 
IT  OF  J  FUNCTION  , 1  OX , 25MCOEFF If IEnT  OF  Y  FUNCTION  ) 

9320  FORMAT (/SX, 1 1 ,8X,F9.4, Jw  •  , F9 .4 , nX « E 1 2 .5 ,3h  ,  «El2,5*9X*E12*5« 
13H,,pi2,s) 


9330 

9340 

9350 


FORMAT!///, i X»7HCHAmbER,8X,17HaXIaL  WAVE  NUmBER*  1  OX , 2 7HC0EFF IC IEN 
IT  OF  COS  FUNCTION, 8X,2/rcOfFFIcIEmT  OF  SIN  FUNCTION) 

FORMAT ( 1  Hi ,?0X,21 HCOMBUsTlON  PARAMETERS  ,///, 10X,7HGAMMA  s,F7.4, 
11AX,7HUBAR  a  »E1?«5,  l Ox , 9HT AURAR  *  »E12,5) 

FORMAT  (///,  10X,  HmHAOIAi  ERAR, //*:>3X,4HR/ro.  16X,5HREBAR, //) 


I 
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9355  FORMAT (22X»F'7.4«1 JX.E 1 1 .4) 

9360  format <  / , iu<*  19ht an<,e»n r ml  erar  ■  uei  i.4»6^)*cob(,Fb,3tnm»THETA) 

1  ♦  (♦F11.4»RH)*SIn<,F6o,13H‘»TrFTO  ♦  1.0  ) 

9370  FORMAT  (///f^OX,  33RCOFFF  TClFNT  Of  h/PO  IN  TAn/TAU  m  .F»,5> 

9375  FORMAT !/,3?a«24H0F  UZ/UuAN  IN  TAU/lAU  *  ,F8,5> 

9380  FORMAT (/, 32X.20HOF  UT/Uraw  I  >1  f/E  a  ,F*,6) 

9390  FORMAT(/,32x,20HOF  uR/UiaR  IN  F/fc  x  ,Fm.S) 

9*00  FORMAT  </,. 3?*  »?0  OIF  OZ/UtiAH  T  N  F/E  *  »Fn,m 

94io  Format (/.32x* 17 ioF  m/mu  tn  e/f  =  .F8.5) 

9420  FORMAT  (/.32X.26ROF  U/./U  »AH  SRRaY  tN  E/r  x  ,*8,5) 

9430  format (/.32X.23HOF  r/ru  shray  tn  p/e  x  ♦fo,'*) 

9440  FORMAT  </,?&*,  IShwhEwF.  Z<;pRAY  x  ,F  ^.5) 

9450  FORMAT!//, 3nX.7<*HCHARACrFRTSTlr  TtME  F  LUC  TU a  T  I  ON  FIXED  dY  INITIAL 
1CDNDITIONS  at  flame  FHOmT) 

9460  FORMAT  ( i  H  l  *  30^»  A.3RPh  SDLr  ^  OF  TmF  REFINED  STaSILUY  EVALUATION  *////*3o: 

l/»  30A*l?Ah, //////) 

9*70  Format  (?0X,^lHCOMRlNtl>  RAVF  NUmHEmS  ,///,8X,7HCHAMHFR,9X,mAC0USTI 
1C.19X.7MWF.FTNE0  ) 

9480  FORMAT!/, UX.U.6X«F9. 4, 3H  ,  .F9*4  »5X*F  9.4*  <H  ,  »F9.4> 

9490  FORMAT  (/////, 20X,  18hna!i|RAl  MOnF  sTARILITY  rHARALT£Rl5TICS»///* 

1  35X.9HFRF0  IENCY.  1[A,  qHOFCRFmF.NT  * // ♦  1  0  X  » \)  HF  ?  NAL  V  ALUE  ♦  l  4  X  ,  F  9 . 4  ♦ 

2*  1  1X«F9.4,  //,  35X.  9H****<h»***,  l  <j  x  ♦  >H***#*ff*«to,  ) 

9500  FORMAT < 1 H 1 *?0X|R4HS! AHii  T Ty  CHA«ArTERl 31 TICs  WITHOUT  VARIOUS  REFIN 

1  EVENTS*///*  *5X , RHFREOUEmOY , 1 1 X , 9M ^ECREf'EN U  1  IX,9MDEU  A  FRO, 1 IX, 

2  9HOELTA  OEr»/» ^7x»bH(CRS) ,3SX,5HrCPS) *) 

9510  FORMAT (//, 1  OX* 2 IMPURELY  ACOUSTIC  vALUt *4X,4 fF9,4* 1 1 X) ) 

9520  FORMAT!//, liX.lRHFlOAL  r/O  THRl)-F|  OW  ,  bX  ,  4  !  F  9  •  4  *  1 1  X  )  ) 

9530  FORMAT  (/,  10x,20RFINal  W/o  TAU/TAU<AR,5a,4  (F  j.4,  UX)  > 

9540  FORMAT!/, 10X,17HFINAL  */n  UZ/UOAR, RX, * (F9.4 . I 1 X ) ) 

9550  FORMAT!/,  1  ox, 20HFIN/JL  * /O  RHO/pHO  i AR , 5a , 4 ( F R ,4 . 1 1 X ) > 

9560  FORMAT (/, 10X,  16HF INAL  */0  F/FRaR* oX, 4 <F 9.4* 1 1 X )) 

9570  FORMAT  (//10X.22RFTNAL  *1/0  ANY  ROD  lOARY  »  3X««  (F9  *4 , 1 1  X  )  ) 

9580  FORMAT!/, l2X,l7R^/0  UPSTREAM  ONLY  t 6 X » * { F V, * t 1 1 X ) ) 

9590  FORMAT!/, l?x,19Hw/0  00*f  iS TrE  AM  ONi  Y  ,  4  X  ,  4  ( F'»  •  4  ♦  1  1 X )  ) 

9500  FORMAT (/, 1 ?x,  19RW/0  OUTcp  plAM  ONl  Y , 4X ,4 (F9, 4 » 1 1  A) ) 

9610  FORMAT  (/,  1?X«  19RM/0  IivNcR  nIAM  ON|  Y,  4  A,  4  !F  1.4,  II X  )  ) 

9620  FORMAT!/////, 20X« 103HSI xnlLTTY  CHIRAC T t R I  ST T CS  IF  CHARACTFRIST IC  T 
II ME  FLUCTUATION  FtXFJ)  Bv  INITIaL  rONOl  I  ION5  AT  FLAMF.  FRONT  ,///» 
235X,9HFRFoU‘-NCY,UX,9HOFf*RFMENTtIiX,9NuEI.TA  FRr,  HX,9RUEl.TA  DEC, 

3  /f  37X.SH  (CMS)  »  45M  ->H(CpS>  , //,  10A,  1IHF  1  NAL  'ALUE*  14X.F9.4,  1 1  X  * 

4  F9.4,//,  ]  (JX.20HFINAL  */  0  T  AO/f  AU  1 AR  ,  5  A ,  4  (  Fw  ,  4 , 1 1  X  )  ) 

9040  FORMAT(4F12.0»21*> 

End 
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51  ON  2.3  — PSR  LFVEL  294 


COMPLEX  FUNCTION  FUfJOM(oM) 
COMPLEX  FUNOMtOM 


A«MEAL  <OM) /*>.28J1M531 
Hs-AIMAO (OM) /A 
FuMOM«CMPLX ( At  ft) 
RETURN 
ENO 


MON  2.3  --PSR  LFVtu  ttf  — 


SUBROUTINE  F'UNGt.N 

CuMMON/F  UN''  F  T  ♦  F  f  P**- |F  »EfF|J*Fp,FHP.pFn.tBF2«'  rK  2P* ► 2  *F  ZP*  <iF  ,  GF  p  . 

1  HRF  ♦  H  jF  ♦  R<*F  *  Rt-.F  P  ♦  fl  1  PP  »  HUPP  ♦HFRRtAL.HlRP.Uj.  HHHUn  •  HUd  *  SORM l 

Common/^ I nT/on6-1’  t*urEf  i p.nnrf  r,unf.kF  r*  unErF  p^jn^-f *,gNF2*  jnoF/. 

IUnGF  2P  ♦  tJNHHf-  *  U  MR  3F  »  -INR«.K  .  UIMhFFP  «  UbH  I  PP  »  ONRUhP ♦  UNnf  PP  «  ONrt  T  UQ  .  UNK  f 
CuMMON/OIM/bO<^)  ♦wiicJtxi.  <2)»Cn<Z).U0<2).  In^Ai),U«  (2)  ,02  (  2)  ,OTHE[ , 
l  All <2) ♦ X 1 2 ( 2  > » A  1  3  4  2 ) « INltti^LTM 

COMMON/WA  VE/HtALP.UNP»  uKP.WTN,  T^UICl  «  Ch AD l  ,  i.  RA  U2  ,  C  A  XL  1  .CAXL2, 

1  'JNPN£W 

COMMON/g  IGt  '1/OrtfcGij  ♦  UMfctj  |  ,  U M^G IF  ,  O^EG  1  I  ♦  OM£G  l  J»  JMt  ij  1 R »  OWE 3 1  E  » 

1  OMEg 1 b ♦ OMG 1  HO  ,  UMtj  IrtL  1 0  4G  |  RA  •  0M<>1  Hb  *  OMtti  JA*‘..HtG3 
COMMON/f  I  GE^2/OMt«02 « OMe  02  *OMER?F  .OMEG2  f  ,  OM*-  &2  j,  o>«eg2H  .ORFS2E  , 

1  OMt G2H *  OMG2bO  «  0MO2HL «  >MG2HA , OMG2bb ♦ OMEG2A 
C«)MMON/C<JMB/CbA^l  «CUAR2T  ,Cb A^?R .CbAMH/ ,  CH AH ( ,CBA*u ,CdARb .GAMMA , 

1  UHAK  «  T  AUbAR  «  X;MU  1  »Ai\)U2»*NUJ»AMlll  »  AMU2»AMU  J»  I  NU  I C2  ♦  2S  *  Cb  A  Rf> 
COMMON/HO  J  V  I  NO  I  CO,  1  NO  1 CL  ,  AO,  Al-  •  A  A  ,  Ad  ,  bF  F  A ,  BF  F  b 
COMMON  /MUU/  HMUU(21)  »A^|)u(i>l  )  tNM(J(J*UASlNr 
COMPLEX  HFF a  (  1  0  1  * 2)  ibF F  <(101.2) 

Complex  ft (ion  ♦fthuui >  .etf < \ ni )  »  et  fp ( io i )  »fr(1ui»2)  *  frb ( i o i *2>  * 

1  HFR (101.2) ,EHF2  < l U 1 ) ,t  >F2P ( 1 0 1 ) »F 2  < 1 0 1 1 2) » f  2P (  K. l , 2) * GF  (1 0 1 » d ) . 

2  OFP(  lui,;?)  ,HrF  (IjD  •  R  J  f  (101)  .  H4F  (101 )  .HEFp  ( 101  )  .<TPP(l0i)  . 

3  HUPP  (  101  )  .  mEPP  (  lol)  »AL  iTPP(  101  )  '1 

COMPLEX  UNEF T  «  U'MF’ F  IP,<J*\HfW  12)  . ONEwF  W •  ONfcWF P .  Un£F  h  ,  (JNF2  (2)  »  QNGF  2  <2) 

1  »ONGF  ZP  (2)  .  JNHRF  *bN»iJF  »  iNM<»F  ,  QMMtF  P  ♦  UNri  TPP,  jNH  JPp  ,  (JNMtPP »  ONhTUO, 

2  ONF  I 

COMPLEX  ALP  ( 2)  t  NNP(2)  »«jKP(2)  .HTN.CRADl  (2)  *CBAD2(2)  ,C«XLl  (2)  « 

1  CAAL2  (2)  tOKPNh1#  (2) 

COMPLEX  OMtGi)»OMtG  I  ,  OM£G  l  F  »  OMt  G 1  I  t  OM£G  1 J  t  OMfc  >  >  1*  ♦  OMt  3 1  F» 

1  OMEG  1  b  .  OMG 1  HO »  OMulhL  .  O’  >G  1 MA  *  OMO lbb ♦  OMtG  l A ♦  uMf. 33 
COMPLEX  0  'ltu02»UMt-  G2.0MFG2F.0MEU2I  .OMf  G2J»U  'iE‘i2K ,u*ltG2E * 

1  uMEG2H»OMG2bO.O"lG2bL  t  )M(i2HA.  RMGPdd.  OMLG2A 
Complex  ao«al*aa(2) »ar(p) 

COMPLEX  (JCbARf  OJHttK.USU  <,ubU  -IP,  OF  <  i  1  )  »uFP(l )  )  ,y  Ic-i  (  1  1  )  .OlNTb 
X I  NT tGs  I N  Tt(i 

uo  10  1=1.2 

U2(I)=XL(I)/XlNlFo 

OR  (  I )  *  <  1  ,0"  ?I  (  1 )  /MO(  1 )  )  /X  INI  FIG 

io  continue 

IF  (1NRAO  ,GT.  j)  UK (2) =DB ( 1 ) 

ThF.T  =  0.() 

0 1  RE r =b. 263 l RbJl/xlB I  to 
00  120  J=l»|.  IM 

call  tngial <f  t ( j) *f ip< jj , ire r.M.urN, jnuici ) 

U  =  XNU1»C0S  (  XNUj«Trit  l )  *A  iU2*SlN(XNiJ3*Tnt  f  )  ♦  1 .0 

t  r F  ( J )  =ij«F  1  ( J) 
tTF  P  (  J)  =()*F  FP(  J) 

( Ht T sTRET ♦O  rRE I 
120  CONTINUE 

ASSIGN  ?4o  ro  IH I  PAS 

IF  (INRaO  .'iT.  I)  aoSIGj  22 0  To  ImIPA-t 
uu  2o0  i=l»2 
ri*Hl  (I)/RO(  I) 

UO  2b0  J=1»LIM 

Call  radial  (FRU*  D  »FHP(  j.  I)  .R.aL^U  )  tCFCADl  ( I )  »CH  *02 1 1 )  *  m) 
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>ION  2.3  — PSH  LEVEL  Z I f 


FUNGfctM 


RFR(J»I)sR«^R<J.I) 

OU  TO  IHIPAS*  <220»230f240) 

220  FR( Jt2)=FR(Jtl) 

RFR<J»2)=RFR<sJfl> 

FKP< J*2)sFPp( J,i) 

230  CONTINUE 

CALL  iNTERP(RfU) 
tRF2( j)aFH( J.2>»0 
tKF2P(J)sF=<p<J»2)#0 
240  R3K*UR  ( I ) 

250  CONTINUE 

IFUNPAU  .GT.  J)  oO  10  jflO 
ASSIGN  230  TO  IGIPA3 
260  CONTINUE 
•3 00  CONTINUE 

call  axial (osuiA.QsuMpf zs.onp ( i )  »caxli  u>  *caxl2(1)  ) 

OFFUHs  (XII  (1)*2S*XI2(1)  )*2S*xn(l) 

UCdAKsCHAH5*QSUi'1fC6AH4*  -ISUMPOCO  ( I )  /  (  SURMl*UKP  (  1  )  »(»AMMA*UFF  Ja  ) 
GSUMs(0,0i 0.0) 

USUMPs ( 0  *  0  t  0 • U ) 

UjaAR»S0HMl»R0(2) *OMEGO/UHAR 
UstJHAR*TAUOAR 
ASSIGN  3Q0  TO  JwIPAS 
00  400  I s 1 f 2 
2  =  0.0 

00  395  si  a  1  t  L  I N 

CALL  AXIAL  (F2  ( J«  I )  «F2P(  .1,  1 )  ,2»flNP  ( I )  *CAXL1  (  I )  *  CA  At  2  ( I )  > 

UUs(XIl (I)*l4Xi2(l))*l*AtJ<I) 

UUP=2.0*XI1 ( I ) *2*X 12 ( I ) 

UUPP=2.o«Xl I ( I ) 

GF  ( J»  I )  sFZ  <  J»  I )  <*  (-SORMHO^EGO/RO  ( I )  #QUP*  ( GAMRA+2 . 0*  (UNP  (  I )  /QKP  ( I )  ) 
1  »*2)) 

GFP  <J»  I )  =F2H  (J»  1 )  *  (-SOH  11<MJMEG0/K0  ( I )  •  (2.  i)*mJ-uUPP/(MP  ( I )  **?)  ) 

GO  TO  JRIPASt ( JlOt JVO) 

310  UE=ExP(-R0(I)»2/0) 

HRF ( J) =FZ ( J. I)*Nt 

H3F(J)s(gAMmA-1.0)/(0*KO(D  )  *OE  «FZ(I»I)»CEXP(vjjbAR*Z) 

H4F ( J) sh3F ( J) #CnAH2r 

HJF ( J)=H3F( J)*CdAH2R 

MEFP  ( J)  a  (CBAR3*F  Z  ( i  ♦  1 )  ♦CRAH2Z*F2P  ( I  *  I  >  «CO  (I  >  2  <  SQHM1<»WNP  ( 1 )  *GAMMA» 

1  UGAR)  )  «  (Jt*CtXP  (OjRAH*Z ) 

H£PP  ( J)  =QCBAR<»^t<»CtXP(0  iBAH*(Z-UdAR*{XL(l)-ZS)4Ru(l )/  (uFFU9*RO<2> 

1  )  )  ) 

ALhTPPI  J)s(roU)*Z/o-1.  >)*UE*CFXP<UJtjAR#Z)*(CrtARi*FZ<l*  I>  ♦ 

1  CHAR64C0 ( I ) *FIP( 1* I )/ (SUHm1*QKP< I ) *GAMMA*OBAK)  1 
IF  ( J.GT ,  1)  GO  TO  330 
LP=li 

UF<LP>»FZ<J»I> 

UfP(LP)=fZP( J»I> 

H  TPP  (  1 )  s-CtjAR6ttC0  (  I)  *FZP  { I  f  I )  /  (  SORMI  *UXP  (  I )  aGaMM««UBaR) 

HUPP(l)s(o.ti.0.o) 

U  T  t  M  <  1  >  sCON  JG  ( Ct  XP  ( 0  JbAR*(jZ  (  I)  )  ) 

GO  TO  390 
330  UF(1)=QF(LP) 

UFP(1)=QFP(LP) 
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>10N  ?»3  •-PSP  LEVtL  dt/m~  FUnGm* 

JP*l0-2» ( J/ i) 

Ik  (JP  *L T •  41  up®** 

Lpsjp* l 

OJP=JP 

U/P  =  DZ<I)/0  IP 
ZP  =  Z“I)Z ( I ) ♦mZP 
DO  340  Ks?»lP 

call  AAI4L  c  4F  C K >  %  jf-P  (is)  .7P*GHP<  1  )  «CAxlI  (  1 )  *CAxu2  (  |  )  ) 
Ul£M(K)aCONjG(CtXP(u)j«A*v#(Z-ZP)  )  ) 

Zp=Zp*oZp 
340  continue 

call  simsom ( qim i  s* 'jf  ♦  u f t- m*uzp« jp) 

OSUM=OTEM  ( 1 )  I  NT  5 

CALL  SlMSONUJlNf  S*OFPtO(FM»0/P,  JP) 

Ut»UMPsQTEM(  1  )  *U:>l.MP*UlnT<; 

HfPP  ( J)  SMO  (  [ )  ^LnANl^Nt*  SUM/:J«.  {KO(  1 )  i  )  *Ofc*{  £AP  (OJ3AR<»Z)  * 

I  CrtAK6*C0  (  1 )  *MP  {  1  •  l )  /  {  >«QHM1AQKm{  i  )  tt&AMMA#U~AK) 

HUPP  ( J)  =QE*'JSU  AP/.J 
390  Z=Z*UZ (  I ) 

39b  CONTINUE 

ASSIGN  310  TU  J'UKrts 

400  continue 

OU=  (All  (1  )tt*L<  l>  ♦Ai^U)  )#AL(1)  ♦Xl.i(i) 

g3s-  (5UMM1*  )MtiJO/NO  Id)  )  (Al  .3  (2)  *F  Z  < 1  fd)  -  Jijn  Z  (LlM*  1)  ) 

HhOOo=SiJPMl  (OA  »o  )  /  (  I  AUHAR*CO  (  d)  »*d  ) 

HUH*  (GAMMA-  1  •  0  )  /<i 
Hf- TUHN 

t  nU 


189 


SION  2.3  —  PSR  LEVEL.  2RR 


subroutine  nTgrat 

COMMO<vl/FUN/FT*FrP*£TF*ErFP,FR»FRP,RFR.tRF2*rRF?P»FZ*FZP*3F*GFP, 

1  HRF »H3F  »H/*F .HEFPf  hTPP, HUPP* HfPP.ALHTPP. G3.  HWHOb* HUH*  SORM1 
CnMMON/nlNT/QNEFT.QNeFrP,QNRFR,QNrRFR*uNERFP*(JMEFR*QNFZ.aNGFZ* 
IUNGFZP*QNHRf*QNH3F*UNH4f«ONHFFP»3mHTPP*QKIHUpP»0NHEPP*ONHTQQ*0NFT 
C0MM0N/r>IM/^0(2>  *Rl  (2)  txK?)  *CO(2)  iU0(2)  .  INuA0.0H(2)  i  OZ  ( 2)  tDTHET* 

1  XII (2) ,xl?(2»  *KI3(2) *rNTEG*LtM 

COMMON/WAV/E/M,  ALP  fQNP»RKP»pTN#TNOt  Cl  fCKAni,rRAD2»CAXLl*CAXL2* 

1  QKPNEW 

COMMON/ElGEN/OMErv)*OM£Gt  .OMEGlF.O  <EGl  T  •  OMEGl  U*  0MEGlR*0M£3l  E  t 
1  OMEG1B.  OMGi  80*  OMiilBL  *Oxr,  IRA  *OMGlPB»OMEG3A»nMEG3 
COMMON/E  I  GEM2/0'4E'i02*OMFG2,0MEG2F,0MEG2T,OMrG2U.OMEG2rt»O  RE  G2Ei 
1  OMEG28,OMG2HO*OMG?HL»nMG?HA*nMG^HB*OMEG?A 

COMMON/CO MB/ CHARI • CHAR2t. CRAR?P • C^AR2Z * CHART * CBAH4 • CBAR5 » GAMMA  * 

1  UBAR,TAUHAb*XNU1  »XnUP»XNU3»Xmu1  »XMU2«XMU3*  TNI)IC2,ZS»C8AR6 
COMMON/HOUM/INDICO*  INOtCL*AO*aI.*aA*AB*8FFA,9FFB 
COMPLEX  BFFa(101«2) *HFFh(1o1*?) 

COMPLEX  FT  MOD  tFrP(lol)  .ETFUAl  )  .ETFPilOl)  *Fr( 10 1,2)  ,FrP<io1.2)  » 

1  RFR  (101*2)  *  ERF 2  (101)  *EpF?P  (101 )  *  rZ  ( 1 0 1  *  2)  *<•'  ZP  ( 101  *  2)  *  GF  ( 1  o  1  *  2  >  * 

2  GFP(101 *?) .HRF < tOl) *HJf ( 1 ol ) *M4F ( 101 > »HEFP (lni)tHTPP(lQl) * 

3  hupp  (ion  tHEPpnoi)  *almtpp(1oT)  *g3*hkmor*hii0.sohmi 

COMPLEX  QNEFT.Q  «1FF  Tp,<J0dfrW(9)  *ONEWFR*OneRFP.0NEFH*QNFZ  (2)  *  QNGFZ  (2) 
1*QNGFZP<2)  *QiMHRF,0NH3F»0NH4F.0NHEFP*QNMTPP,oNHUPP*QNrtEPP*QMHTQQ. 

2  QNFT 

COMPLEX  A L P ( 2 ) *0NP(2) *G«P (?) .8TN*cRAD1 (2) *C*A0?(2) .CAXL1 (2) . 

1  CAXI.2  (2)  , OKPNER  (2) 

COMPLEX  OMhG0»OMEGi,OMEGlF*OMEGlT*OMEGl J*0MfcGl«»0ME3lE* 

1  OMEGlB* OMG i  BO « OMGl HL  * O^GIRA  tOMGlnB * 0ML63A * 0M£S3 

COMPLEX  OMFG02*UMpG2,OMEG2F.OMEG2T*OMirG2UtUMEG2B*OMEG2F.. 

1  0MEG2R,OMG280.OMG/HL»nMGpRA.r»MGr5BB*0MEG2A 
COMPLEX  A0*AL*Aa(2) *AH(3) 

CALL  SlMSON ( QNFT *FT*F T »nTHFT* InTE«) 

CALL  SI  MS ON ( QNRFB ( 1 ) * RFu ( 1  *  1 ) »fR ( 1 *1) *OR(l) « iNTEb) 


0nRFM(2) sQNRFH( l ) 

IF  (INRAD  .I.E#  »)  CALL  ATMS0N(ONRfR<2)  tRFRU  *2)  *FR(l,2)  *0R(2)  * 


1  INTEG) 

CALL  SIMS0N(0NFZ(1) *FZ(i,l) *FZ(l*i ) *0Z ( 1 ) , I  TEG) 
CALL  SlMSON  (  QNF Z  ( 2 )  *FZ()  ,2)  *FZ  ( 1 1  ? )  * DZ  (2)  «  Jf-TEG) 
BTNsCSQRT  (0mFT*(0nRFR(1)*0nFZ(V)  ♦qNRFR  (2)  *Q*'FZ  (2)  )  ) 


BTN«1.0/HTN 
DO  100  Js 1 » L I M 
FT  ( J)  «BTN<*FT  (  J) 

FTP( J)=RTN*FTP( J) 

ETF  ( J)  3RTN*ETF  ( si) 

ETFP( J)sRTN«ETFP( J) 

100  CONTINUE 

QNFT»0NFT*BTN**2 

CALL  SImSON(QNEFT,ETF*Ft,DTHET,INtEG) 

CALL  SIMSON(QNEFTP*ETFP,fT*OTHfT*  tNTEO) 
call  SlMSON  (QNEHFH»fcRF2«RFR  ( 1 »?)  *nR(2)  *  INTE'-) 

CALL  SlMSON(QNERFP*fcRF2o.HFR(l.2) *DR<2>  »INT^G) 
CALL  SImSON(ONEFR*ERF2»fP(1.2)  ,0R (2) . InTfG) 

00  200  Tsl*? 

CALL  SIMS0N(QNGFZ(I) *GF(l ,1) ,F7(1,I) *OZ(I) ,TNTEG) 
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STON  ?•  3  --PSM  LFVEt.  29* 


NTGRAT 


CALL  SImsom  ( QNQF  /p  ( I)  »ijpp(  1 1 T )  «Fl  ( 1  *  I)  *DS  ( I)  •  iNTtG) 
CALL  SlMSON< AA { t > *BFF A() , I) ,F/(1  *T > *0/ < I) *1  iTEG) 

Call  SIMSON  ( AH(  T  )  tBFFB  n  *1)  *F7(1  ,  I)  *04  ( 1 )  «  f  NTEG) 
200  CONTINUE 

Call  SlMS0N{'JNHPP,HWK,F7n,2»  ,n2  (?)  •  iNlEfi) 

CALL  SlMSON ( QNH IE  »H3F  *  F  7  ( 1 ,  ?) «n/ ( ?) *  IN  I  EG) 

CALL  S IMSON (QNH4F.H4F  .F'7(l,2)  ,nZ ( ? )  ,  I N  I Efi ) 

CALL  S ImSON ( QNHEFM  t  hf  F'P (Eldt?) »U/<2) ♦ iNTEG) 

CALL  S I  mSON  ( QNH  TPM*mTHH,fZ(1*?)  *  07  <  2 )  ♦  1  NT  FG) 

CALL  S ImSON  (MNH'IPW*hUPH,f<!  (  1 *2)  *0/  (2)  ♦  1NTFG) 

CALI.  SlMSON((JNHEPP*MtPH,F/:n»?)  *0/(2)  *1NTEG> 

Call  SImSON ( QNHTuo*  alh f  pp»fZ ( I ,2) ,02 (2) f TnT»  G) 
OMF-.G2FSQMFT4  (UNPFW  ( 1 )  <*  <nN«FZ  ( l )  *U  GF/M<1) )♦  NMFR(2)* 

l  g3*conjg (fz (l (M* i ) *fz n «?) ) /?,o  ♦QNGFZPf?))) 
0‘1KG2TsgMFFr<»(JNF  Wfr  K4GA^MA<»HRHOq#  (  >NHTPP-CSA^l*ONrtRF  ) 
UMEG2U*QNEFT«(JNEPFH«H'Jrt<»f)NHUPP 
OMEG2PSQNFF  T  <HJNEMF  R*HMH 'iG#(3fgWPF 


(ONGF? (2) 


♦ 


OMEG2£sQMf  Fr*QNF«F  H*  (GA^MA*H«Hf(H)  «  (  QNHF F  P*UN MF  PM  )  ♦ 

1  UNFFT*QNFRfP*QviM  3F*lJNtF  P*ONFF  TP*  1NH4F 


UmFG2A»QNFF  T<»ON>-.MFM'*(jANm^#hWMOP*0  iHTOU 


OMG2dAs(0»0«0«O) 

UMG2HHS ( 0 • 0  «  0 • 0  > 


00  300  1*1*7 

^  0MG?HA«0MG2HA-  ( CO  (  I )  /Mu  f  r  )  )  **2# A A  (  I )  *0  *F  T  *F  »•  ( L  I  M*  I )  *CONJG  (  FM  (  L  I M 


On<i2HHsOM«2  43*  (  CO  (  I )  /WO  f  T )  )  **?*AH  f  I )  *0  If  T#F 
300  CONTINUE 


•'(1*1)  *CON  JG  {  Fp  ( ]  ,  I )  ) 


OMG?HObaO*F/ (  1  «  l)*CON.)U(F/n*l  )  ) 

IF  (INI)  I  CO  .  (i  T  •  ))  0M(,2H0-  (UMP(l  )#*7*FZ  (  1*1)  *rt)NJG(FZ  (1*1)) 

1  -FZP(1*1)*C0N  JG(F/M(1.U))/Ao 

0MG2H0s0MG2  <0*0  *F  T*!jnMFi>  (  \  )  *  (CO  ( 1 )  /MO  (  1  )  )  #*v 
0MG2BLsAL*F  /  (LI  a  •  7)  <*CON  IG  (FZ  (L  TM*  ?)  ) 

IF  ( I  NO  I  CL  •  G  T  •  0MG2iU.®(-FZp(Ltm#?)*conJ'  (F/P(LIM*2)  )  * 
1  ONP (2) **2*C0N  JG (F/(L1<«?))*F7(LtM*2) )/AL 
OM(i?HL=-OMG?ML*OMF  T*UnHfP (?)  *  (pO  ( ■■>)  /RO  (2)  )  *»2 

0mEG2M»0MG?^040  ^G^ML  ♦U*ir,?WA  ♦OMG?H  > 

UMEG2sOmfGO**?»  0''iE(*2F*nMFG2T*OMEr.2U*Oi'iEG2R*0MFG2E*0vlFG23 
UMFGlsCSQRT (0NEG2)  " 


0MEG3*CSQRT  (OME'i?-0MEG2r*OMEG?ft) 
IF  ( IN0JC2  ,LT*  o)  OMfcU-5sOM£in**2 
OMEGlFacSoPT (OME G2-UMFG7F) 

UmEGITbcSQMT  (0MhG2-f)MEG?T) 
OmEGIU=CSORT  (OMEGP-OMtGpll) 
OMFGlRaCSuRr (0ME02-0MFU7R) 
OMEGIEsCSQRT (0MEG2-0MEG3F) 
OMEGlHsCSQRr (0MEG2-0MFG7R) 
UMGlrtO=CSU«T (OMfcGM*OMG2uO) 
OMGlbLaCSORT (0MfeG2-0MG2M| ) 
OMGlriABCSOMT  (OMF;G2*OMG2f1A) 
OMGlHHaCSUwT  <0'1F.,2-0NG7RM) 
UMFG3A=CSURr  <OMF.GJ**?-UmFG?A> 

IF  (INDTC?  .LT.  0)  UMtui T=OMFGlA 
IF  (INDTC?  .LT,  |>)  UMEG*sOMEG3 
UKPNtw(]  )b0.4EG1*Wd(1)/CoU)  ' 
UKPNEm  (?)  aO’-iEGl«RO(?)  /C"  (?) 
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S! ON  2.3  — PSR  LEVEL  29H 


SUBROUTINE  SIMSONMUN* vl ,V2,OV, t NT > 

DIMENSION  VI (1) »V2(l) 

COMPLEX  QN*V1*V2.S 

SaVI  (lH»CON.jG(V2(l)  )4V1  (TNT*1)#C0mJ6(V£;(INT*1)  ) 

KsINf 

DO  100  T a? « <  .  2 

SaS*4.0«Vl  ( T ) «CUNJG(V2  (  T ) ) 

100  CONTINUE 
KaK-1 

IE  <K  ,LT.  3)  GO  TO  300 
DO  200  I ®3 . K  *  2 
S*$*2.0*V1  ( T)#CONJG(V2(f) ) 

200  CONTINUE 
300  ONaS*DV/3.0 
RETURN 
END 
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SION  ?.3  —  PSW  LFVEL  2R* 


S»*(fiROUTlNE  AXIAL  <►  N*F  nP,  7«ON«Cl  »C?) 
COMPLEX  FN»FNP,0M»C1*C2.01 ,Q? 

U1  sCCOS(Z*fJM) 

<J?3CSIN  (/*U  i) 

IF  (CAHS(ONi  ,£j.  0.0)  r. 0  TO  ?n 

U2=Q2/G)N 

bo  TO  3o 

20  OPs(l, 0,0.0) 

30  F  /sCl*Qi  ♦C2<»<J2 

FoPs-C1*Q2*  ON**. '>♦02*01 
HF  niHN 
F  NO 


193 


♦  SI  0»SI  2.3  — PSR  LFVEL  29* 


SUhROUT  1 NE  TNGIftl.  (FnvFN»,  Th£T»m*Ci  » INU1C1 > 

COMPLEX  FN»FNP*C1 

XMaM 

IF  (IN0IC1  , GT •  0)  GO  To  50 
FN»CI*COS(Xm*THET) 

FMpa»Cl*XM'*SIN  (  XM*Th£T  ) 

UPTURN 

50  FNsCl*CFXP(OMPLX(0.0*XM»THFn ) 

FNPaCMPLX (O.OoXM) «FN 

upturn 

EnO 
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JSTON  ?#3  --PSR  LFVEL  2Rm 


SDmWOUTTMF  *■?  AO  I  41  (FOltFNP,*,  ALP, Cl  ,C2iM> 

COMPLEX  FNfFNP*ALP*Cl  tC-»,0]  ,0?,03.(M 

v»n*(o.o.o.U) 

U 4S(0, 0,0.0) 

CALL  (}JFUN('l?»Ql  .M*ALP»'0 

1 F  (CARS  (C? )  «OE«  Iiij)  C*LU  QY'Fi|N('i4»Q3»  p»AL!»M) 

FosCloQI  *C2»ti3 

IF  (R  .FQ.  W0>  A')  TO  bn 

FNMa-()2#r  l/>v(J4*r:2/W 

RFTURN 

SO  IF  ( M  ,FO.  1)  FNP«ftLP/>.o  *Ct 
IF  (M  «NF#  1)  FOPa  (  0  •  0  *  f*  ,  0  ) 

HE  TURN 

to 
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'STON  2.3  — PSR  LEVEL  29M-* 


SUBROUTINE  OJFUN(FN.FnP,Z«M> 

COMPLEX  FN»FNP.Z.AfZU2iZn2S*S*T»<^  t(12*U3 
A* (0. 0*0.0) 

Zn2»Z/2.o 

Zn2S«ZD2*«2 

IF  (M  «EQ«  0)  GO  To  5UA 
XM  »M 

S»l.0/FACT(O 

T«Z02 

IF  (CABS(T)  *EQ.  0*0)  Tsd.OfO.Q) 

TST«CABS(  (A.XM*1 ,0)/  (T<**m>  ) 

XK=1.0 

FN* ( A»Xm) *S 

FMP«S 

100  S*S*Z02S/(XK*(XK4XM) ) 

T»ZD2S/( <XKM*0>* (Xm*XK*i *6>  > 

Q3aA-XM-2,0*XK 

U1«T«(Q3-2,o) 

Q?bQ1*(XK  +  1  •0«XM/2*ij) 

U1*(Q1-03>*S 

(JP«(T-1,0)*S 

F  MoFNtQl 
FNPaFNP+Q? 

IF  (CABS (01 ) /TST  .LT •  l.OF-0  .AND.  CABS ( 02 1 /TST  *LT.  l.OE-B) 
1  GO  TO  ?00 
XK*XK*2.0 
S*S*T 
GO  TO  100 
200  FN«FN*ZD2**M 
FNP«FNP«Z02**M 
return 

500  TST»CABS(A*1.0) 

Sal  .0 

XKa 1.0 

FNPa2,o*ZD2s 

FNaA^FNP 

FNP«S 

600  SaS«Z02S/(XK*XK) 

TsZ02S/(  (XK*l#0)MXK*l.o)  ) 

O3c2»0*Zn?S*XK«A 
(02»(  (03*A)#T-Q  j)*S 

Uia(T*(2.0*ZD2S/(XK^2,O)*A)-<?.0#ZD2S/(XK*i • o  > ♦ A ) )#S 
U2B (T"l *0) *S 
FMaFN*Ql 
FMPaFNPfQ2 

IF  (CABS(Ol)/Tsr  .LT.  i.OE-B  .AND.  CABMq2)/T5T  «LT.  1.0E-B> 
1  60  TO  700 

XK*XK*2. 0 
SaS*T 
GO  TO  600 
700  CONTINUE 
750  RETURN 
ENO 


3 

3 

3 

1 

j 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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i 

1 


T On  ?.3  --PSM  IFVEI  ?.<** 


SiMROUT  TNF  'JYFU vj  ( F N»  F  NP ,  7 » m) 

COMPLEX  FM»F  MP» ?.4*/02*  /fVS«S«T*iJi  *0?«OJ,:J4  .Gn.GnP 

a*(0.o*o.o) 

IF  (CABS  (?) .OT.  i.Oi-S)  SO  TO  i0 

Fn*1  .0F70 

Fn.Ms1.0F30 

WF  riJKM 
10  Zn?s?/2.o 

ZO?SsZl>?**? 

IF  (M.EfJ.O)  GO  TO  5t)0 
04s  CLOG  ( ?  >?)*?. v) 

FMSO.O 
FNPsO.O 
X  IsM 

Ss?02**  <-M) 

DO  50  Lsl,M 
KsL-1 
XKSK 

Ul  sP.O*/n?S«FACf  <  w  -r>) 

U?s  ( A*XM)  *FaCT  (  M-K-l  ) 

U3sS/FACT (K) 

FMSFIM*  (01-OP)  *0  i 
FMP*FNP-FACT  ( M-is-  I  >  *0.* 

5*s«?n2s 

50  CONTI NUF 
(jNJsFN 
CjOMsFNP 

MSIl=-.5772l5664M 

PS  1 2*PS  T 1 
DO  (SO  Lsl,M 
XL*L 

PSI?=PSI?*1 .O/Xu 
60  CONTINUE 

SsI.O/FaCT(*U 

XKsl . 0 

T  ST  sCABs  (  (A*X'Ul  .))  /  (/U-j)  **M) 

04SQ4-PST1 -MSI? 

FNPs  (  A-XM)  *  j4 
FNs(FNP-p.O) »S 
FNPsu4*S 

100  U4S04-  (l,n/<KM«,»/(AK*X  O  ) 

(s?|)?S/(  (  XK*  1  •)  <MAM*XK*1  .  )  ) 

SsS#?02S/<X^(X**AM)  > 

FSU*(1 .0/(  <*♦**♦ 1  •)  *1  •  /  (Xk*1  .)  ) 

(j3sA-XM-?.0«XK 

U i S (U4« (T# (  ) - J3) ♦?..)* ( 1 • n  —  T ) - (03-2.0) > TOPS  1 1 ) *S 

U?=S» (04« (T-l ,0) -T#PSI 1 j 
FnsFn*Q1 
F  MMsF NP*0? 

IF  (CAMS  (<Jl )  /TS  •  .LI.  i.nfc-H  .AND.  CAH.i((32)/TST  .LT.  1. 
1  00  TO  ?00 

D4S04-PSI1  ,o7 

SsS*T 

XKsXK*2. 


£-8) 


*ST  ON  2.3  — PSR  L E  VEl  29H 


OYFUN 


60  TO  100 

£00  FM*(FN*7n?*«H»G'M)  /3,  I41s92*5 
FmPs  (FNP#7D^#*M*CinP)  /  j»  1  4159265 
HP  TURN 

500  TSTaCABS(A*l  .) 

Sa  1  • 

O4aCLOG(Z02) *.5772156640 
*Kal  . 


FNa ( A*2 .#ZD?S) 
FMP»04 

Fn=FN*Q4  -Z02S 
600  Q4eQ4-l#/XK 

TsZD2S/(  (XK*1.)#*2> 
SaS*Z02S/ (Xk*XK) 

RSI 1*1*/(XK*1«) 
R3a2.«ZD?S 


Uia(Q4*(A»(T-l.) *03* < T/ < XK ♦? . ) -PS t 1 ) ) -PS I  1  * T* ( A *U3/ ( XK*2  . 

l  zu2s«(PSri<H»£-r/(  (xk*?o*<»2)  >  us 
U2sS*(Q4<HT-1.0) -r#PSU) 

FNaFN^Ql 


)♦ 


F  |SiPaFNP*Q2 

IF  (CABS  <01 ) /Ts  r  .LT.  1 .  .AND.  CAB* (02)  /TST  #LT.  l.Ot-B) 

1  60  TO  700 

AKaXK*2. 


S«S«T 

04aQ4-PSI 1 
GO  TO  600 

700  Fn»(Fn-1.)/1,57 »7m6J2 
FNPaFNP/] .57079612 
RFTURN 

END 


<STON  2*3  --PSH  i  f v F •_  29*-- 


FomCTIOn  FAf.T(N) 

DIMENSION  m  ( 20 ) 

DATA  (R(  T  )  «  t»l«2o)  /  l  .  t<».  ,24#t  j  ao.,720.  ♦S-'Ao.  ,<»03?0«  *  Jt»?R80,  f 

1  3b2H«on.f3.99i  /  ,4.79n0l^F«»  -  .22?<i20MKlJ»H.717B29l2tlo, 

2  1.3t7B7437e  l  2 «  2. 092?7H99F  j  7 «  J . 556H  ^4?nt i 4 »  6 . *02  3  73  7f 1 S . 

3  7,2.43?^^?Klrt/ 

IF  <N)  1  p  •  20 «  3>> 

10  FACTsO.O 
HFTUHN 
20  FACTsl, 

HF  TUMN 

30  IF  (N  .OT*  20)  jO  fij  4»j 
FACT=G(N) 

«F TUMN 
40  XsM 

FACT*SQ9T  (G,2H3l«^3<»A)<*|)(/?.7lq?H)tt*N| 

WFTUBN 

END 
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»SION  ?.3  — PS«  LFVEl.  29^ 


SiJrfROUTTNF  IMTE^P(R«W) 

COMMON  /MUU/  HMtlQ(2l  )  »  XmUQ(?1  )  fNM'iQ»LAbI(gT 
IF(R  ,LT.  HmUQU)  *OH.  t?  «(?T,  BMUo (NMUU)  )  Go  TO  bOO 
KaMOl)  (LASINTfNMlJO)  U 

IF  (K  ,|_F.  K» 1 
20  IF  (K  »FO,  o)  KaNMUiJ»l 

IF(«  ,GT.  RmUO<*M>  .OR.  h  ,LT.  H-UQ(K))  GO  TO  50 
JsK 

GO  TO  200 
50  CONTINUE 

KsmOIMK*]  •  NmUQ) 

If  (k  *fo.  i.asint)  go  To  soo 
Go  TO  20 
200  LdSlNTaj 

ORa  (R-RMUO  (  .1)  )  /  (RMUiJ  ( J*  i  )  -RMUO  ( J)  ) 

G)*XMUQ  ( J )  ♦DfJ*(Xlv'l|(j(j*l)  ■XMlIQ  (  i  %  ) 

HFTUKN 
500  UaO.O 

UASINTa! 

RETURN 

End 
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An  analytical  and  experimental  investigation  was  conducted  of  combustion  instability 
in  a  TF-30-PI  augmentor.  A  sustained  oscillation  was  observed  with  a  fuel  zone  com¬ 
bination  which  does  not  occur  during  normal  engine  operation.  On  cold  days  oscilla¬ 
tion  amplitudes  above  35  per  cent  (peak-to-mean)  were  observed,  but  on  hot  days  the 
amplitudes  dropped  below  10  per  cent.  NREC's  previously  developed  combustion  insta¬ 
bility  model  correctly  predicted  an  instability  with  the  same  frequency  as  that  ob¬ 
served.  Once  the  individual  zones  of  combustion  of  the  TF-30-P1  augmentor  were 
modelled  properly,  the  analysis  correctly  indicated  the  fuel  zone  combination  during 
which  the  oscillation  becomes  most  severe.  The  analytical  model  also  correctly  pre¬ 
dicted  the  trends  which  were  observed  when  engine  geometry  was  modified,  when  AVGAS 
replaced  JP-4,  and  when  the  engine  inlet  temperature  was  low.  But  to  correlate  pre¬ 
dicted  and  observed  amplitude  levels,  a  stabilizing  turbulent  mixing  effect  had  to 
be  hypothesized  to  supplement  the  droplet  vaporization  effects  which  excite  the  in- 
stabi 1 i ty. a 
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